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Abstract
High seed vigor (SV), or the ability of seed to germinate and grow in a stressful
environment is important, as many field emergence conditions are stressful for germination.
Soybean SV can be affected by cultivar, seed storage environment conditions, the growing
environment during seed development, crop management practices such as foliar fungicide
applications, pathogens, and other factors. To assess the effects of some of these factors on
soybean, the objectives of this work were to determine 1. the effect of cultivar and foliar
azoxystrobin application on soybean yield, germination, vigor, microflora, and their relationships
under harvest delay conditions; 2. if amplicon sequence community analysis using next
generation sequencing characterized more fungi and bacteria than culture dependent methods;
and 3. changes in seed quality and performance of high and low quality soybean seed stored in a
commercial warehouse and under controlled conditions during the summer season as measured
by SG, vigor, and field emergence.
Cultivar had a significant impact on yield and soybean SV, which were at least partly due
to differences in seedborne pathogen infection. Differences in pathogen incidence among
cultivars appeared to be influenced by genes for disease resistance. Foliar azoxystrobin
application affected SV and seedborne pathogen incidence inconsistently, particularly Phomopsis
longicolla. Seed infection by fungi and bacteria significantly reduced SV.
Seedborne pathogens are problematic in all soybean growing areas. Culture dependent
methods, the current standard, may only detect a small portion of the microorganisms in a seed
lot. Next generation amplicon sequencing of fungal and bacterial DNA revealed over two dozen
seedborne microorganisms. Five fungi and bacteria were found using culture methods from the
same seed lot.

During storage seed are best maintained by cool and low humidity conditions, which are
not always available in seed warehouses. In this study, seed stored in high temperatures and
relative humidity had greater reductions of field emergence and SV to a lesser degree than
controls. Overall, soybean SV was affected by cultivar, environmental conditions at harvest, and
appeared to be affected by conditions of storage, which affected SV through changes in seed
physiology and infection by fungal and bacterial pathogens.
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I. Introduction
The soybean industry produces approximately 90% of the US oilseed crop (Ash, 2012).
The 2009 US soybean crop produced approximately 3.2 billion bushels (Ash, 2012), with 140
million bushels valued at over $2 billion being produced in Arkansas (Arkansas Soybean
Promotion Board, 2011). In 2009 alone, 484 million bushels of the US soybean crop were
estimated to be lost due to plant diseases, and many of those diseases have pathogens that are
seedborne (Koenning and Wrather, 2010). The soybean industry needs vigorous seed for
planting to establish good emergence in the field, and to produce high quality seed to obtain
optimal prices at harvest at the end of the season.
Seed quality is defined as the characteristics that make up attributes of a seed lot that
determine seed or seed lot performance (Marcos-Filho, 1998). One aspect of seed quality is seed
viability, which can be measured by standard germination. Standard germination (SG) is a seed
test that measures a seed lot's ability to emerge and develop under ideal growing conditions, and
can be predictive of field emergence when field conditions are ideal (TeKrony and Egli, 1977).
Another component of seed quality is seed vigor. Seed vigor is defined as the ability of seed to
emerge and develop normal seedlings uniformly under both favorable and unfavorable
conditions (Ashton et al., 2007; McDonald and Phaneendranath, 1978). Seed vigor is of
particular interest, as it has been reported to better measure seed performance than the viability
test, SG, alone (TeKrony and Egli, 1977).
Seed vigor can be measured by a variety of methods including accelerated aging (AA),
electrical conductivity (EC), the Seed Vigor Imaging System (SVIS), the cold test, sand bench,
speed of germination count, and in some cases, indices that combine these measurements to more
accurately predict seed performance in the field than SG alone (Egli et al., 1978; Kolasinska et
1

al., 2000; McDonald, 1998; TeKrony and Egli, 1977; Torres et al., 2004; Zorrilla et al., 1994).
The AA test is a widely used method of measuring seed vigor and entails subjecting seed to high
temperatures and high humidity for 48 h, followed by a SG test. This test was designed to be a
measure of storability of seed and has proven to be a useful gauge of seed vigor (Kulik and
Yaklich, 1982; McDonald and Phaneendranath, 1978; TeKrony and Egli, 1977). The EC test
measures leakage from seed soaked in deionized water using an electrical conductivity meter,
with seeds having higher EC values being lower vigor (Vieira et al., 2001). SVIS testing uses
computer generated scans to digitally measure the emergence of 3 d old seedling root length and
shape, and calculates a Vigor Index with a scanned image of seedlings and computer software
(Hoffmaster, 2003; Hoffmaster, 2005).
Seed laboratory tests are important to relate to seed performance in the field. A seed lot
can have acceptable levels of SG and low levels of vigor at the time of testing (Hamman et al.,
2002). Seed can be viable and have high SG values, but have low vigor and be less able to
germinate and grow a healthy seedling under stress. Consequently, SG can overestimate field
emergence, as ideal growth conditions are not always present in the field (McDonald and
Phaneendranath, 1978; TeKrony and Egli, 1977). Some vigor tests do predict field emergence
better than others in some planting situations, but as for which vigor test is the most effective
previous research reports vary (Andric et al., 2007; Kulik and Yaklich, 1982; TeKrony and Egli,
1977). Accurate prediction of seed field performance can be elusive, as actual seed performance
is related to the condition of the seedbed environment, which can be highly variable (Egli and
TeKrony, 1996; Hamman et al., 2002; Zorrilla et al., 1994). However, generally speaking, high
vigor seed do have increased field emergence, as higher vigor seed are better able to
accommodate challenges in the growing environment (Isley, 1957; Roy and Ratnayake, 1997;
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Zorrilla et al., 1994). Conversely, low vigor seed are associated with difficulties in field
emergence (Cho and Scott, 2000), as low vigor seed are more affected by challenging planting
environments than higher vigor seed (Hamman et al., 2002).
Producing high quality seed
Arkansas soybean growers have encountered challenges in producing high quality seed
with low seed infection, particularly when harvests are delayed. Factors that can affect seed
quality, which in this study encompassed germination and vigor, include soybean cultivar, crop
management practices, conditions of the growing environment, and pathogens. Examples of
crop management practices during the growing season that affect the quality of seed produced
include foliar fungicide application, and irrigation. Crop management and growing environment
can also influence seedborne pathogens, which can affect seed quality of harvested seed.
Many aspects of soybean performance and quality are known to be cultivar dependent, as
seed characteristics and disease resistance vary with genetic differences among cultivars. For
example, soybean yield is cultivar dependent (Hintz et al., 1992), and is known to have a genetic
component thought to be linked with vigor that can be improved by breeding (Cho and Scott,
2000). Soybean cultivars also respond differently to environmental stress, such as high
temperatures during the growing season, resulting in differences in SG (Bradley et al., 2002;
Foor et al., 1976; Wrather et al., 2003) and AA vigor (Andric et al., 2007; Modi and McDonald,
1999).
Seed microflora, seed infection, and pathogens are also cultivar dependent. This is often
due to cultivar genetic resistance. For example, Phomopsis longicolla (T.W. Hobbs) and
Cercospora kikuchii (Mat and Tomoy) pathogen infections are known to be affected by disease
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resistance of soybean cultivars (Jackson et al., 2009; Pathan et al., 1989). Contrastingly, other
research has found that there were no differences in seedborne fungi isolation among cultivars
used in the studies by Foor et al. (1976) and McGee et al. (1980).
The growing environment during seed development can affect seed vigor and pathogen
infection. During the growing season, high temperatures and drought are often problematic for
growing soybeans in the southern US, especially during pod set, seed filling, and maturation.
Seed development is especially sensitive to high temperatures during the early pod set stages, as
elevated temperatures during pod set reduce seed weight, thereby reducing yield (Egli and
Wardlow, 1980). High temperatures during the post flowering period can reduce seed
germination and increase the amount of small, etched, and wrinkled seed (Egli et al., 2005;
Keigley and Mullen, 1986). Additionally, high temperatures during seed fill reduce AA more so
than SG, indicating AA testing is more sensitive to the effects of high temperature stress during
seed development (Egli et al., 2005; Gibson and Muller, 1996). Water stress during seed fill
negatively affects soybean yield by reducing seed size and causes stress induced early
senescence, which can contribute to reduced yield (Brevedan and Egli, 2003). Similar to
temperature stress, soybean can be most affected by drought stress during the seed fill period, as
soybean SG and vigor decline with increasing drought stress (Dornbos et al., 1989).
Seedborne pathogens are affected by environmental conditions during the growing
season, which makes pathogen management an important part of a crop management program to
obtain robust high quality yields. One method of disease management is to apply foliar
fungicides to the crop during the growing season, which have been reported to affect seed
microflora and have a positive effect on germination of seed produced (Ellis and Sinclair, 1976).
Azoxystrobin is currently registered for use on soybean crops (Kenny, 2000). Foliar application
4

of azosystrobin has inconsistent effects on P. longicolla infection. Wrather et al. (2004) reported
that P. longicolla infection was higher in azoxystrobin treated plots than untreated plots.
Contrastingly, Padgett et al. (2003) reported foliar application of azoxystrobin reduced the
incidence of P. longicolla.
Delays of soybean harvest due to inclement weather or other factors are not uncommon.
Delayed harvest beyond physiological maturity can reduce yield, seed quality, and vigor of seed
(Philbrook and Oplinger, 1989; TeKrony et al., 1984), and harvest delay effects are less severe
on higher vigor seed than on lower vigor seed (Braccini et al., 2003). The loss of quality and
vigor is at least in part caused by an increase in seedborne fungi, particularly P. longicolla,
which is known to negatively affect seed vigor (Braccini et al., 2003; Ellis and Sinclair, 1976;
Nangju, 1977; Wilcox et al., 1974). This is especially true when conditions are favorable for
disease development in the period just prior to harvest.
Many fungal and bacterial soybean pathogens negatively affect seed health and
emergence (McGee et al., 1980). Of these, the Phomopsis-Diaporthe disease complex, caused
by P. longicolla and Diaporthe phaseolorum (Cke. & Ell.) Sacc. vars. sojae (Lehman) Wehm.),
caulivora, and meridionlis (Phomopsis sojae, P. phaseoli), is ubiquitous and causes significant
crop losses. Of the fungi in this disease complex, P. longicolla is most prevalent, and the
primary cause of seed decay (Sinclair, 1999a), and is one of the most studied soybean pathogens
(Sinclair, 1993). Phomopsis seed decay symptomatic seeds often exhibit seed coat cracking,
shriveling, are misshapen, and can have a white chalky appearance with visible mycelium on the
seed surface, though some seeds maybe asymptomatic (Kmetz et al., 1974; Kmetz et al., 1978;
Kulik and Schoen, 1981; McGee et al., 1980; Mengistu and Heatherly, 2006; Shortt et al., 1981).
Seed infection by P. longicolla causes damage to not only the seed coat, but to cotyledonary
5

tissues as well, potentially resulting in a reduction in germination and potential pre- and
postemergent damping off (Velicheti et al., 1992). Increased infection of P. longicolla results in
reduced seed performance in both laboratory testing of germination and vigor, and field
emergence (McGee et al., 1980; Spilker et al., 1981; Zorrilla et al., 1994). The environment
during the growing season can affect the frequency and amount of seedborne P. longicolla, with
wet or humid conditions being more favorable for disease development, especially with delayed
harvest conditions (Wilcox et al., 1974). For example, total rainfall and high humidity during
maturation of soybean resulted in severe P. longicolla symptoms, and high rates of P. longicolla
infected seed (Mengistu and Heatherly, 2006; Spilker et al., 1981).
Cercospora leaf blight, leaf spot, and purple seed stain (PSS) are caused by C. kikuchii
(Cai et al., 2009; Schuh, 1999). Cercospora leaf blight and leaf spot are diseases that are often
evident late in the season, problematic in wet seasons, and cause foliar lesions that coalesce with
characteristic bronzing of the leaves. The pathogen infests seed through the pod and causes seed
discoloration in irregular patches on varying amounts of the seed coat that are typically pale
purple to dark purple, and occasionally pink (Cai et al., 2009; Schuh, 1999). Previous research
has produced contradictory reports of the pathogenicity of C. kikuchii on seed health and
germination (McGee et al., 1980; Pathan et al., 1989; Roy and Abney, 1977; Velicheti et al.,
1992; Wilcox and Abney, 1973), though Yeh and Sinclair (1982) reported the pathogenicity and
the severity of negative effects of PSS is dependent on the extent of colonization of seed. C.
kikuchii causes damage to the seed coat, reduces germination (Velicheti et al., 1992), can reduce
yield quality, and has the potential to negatively affect stand establishment (Cai and Schneider
2008).
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Several Fusarium spp. are known to be pathogenic on soybean seed. Specifically, F.
equiseti (Corda), F. graminearum Schwabe, F. oxysporum Schlechtendahl emend. Snyder and
Handsen, F. semiticum Berkeley and Ravenel, F. solani (Martius), F. pallidoroseum, F.
proliferatum (Matsushima) Niremberg, F. verticillioides (Saccardo), F. culmorum (W.G. Smith),
and F. sporotrichiodes Sherbakoff (Leslie et al., 1990; Nelson, 1999). Seed infection by fusaria
is associated with discoloration of the seedcoat and a reduction of germination. Seedborne
incidence of some species of fusaria have been positively correlated with P. longicolla (Roy and
Ratnayake, 1997).
Charcoal rot, caused by Macrophomina phaseolina (Tassi) Goid, is seedborne and can
exhibit both latent and symptomatic infections in seed (Kunwar et al., 1986). Under favorable
warm and dry conditions, M. phaseolina can cause reduced emergence, and postemergence
damping-off in seedlings. In adult plants, signs and symptoms include sclerotia appearing as
grayish black discoloration on stem tissues, progressive wilt, premature drying, loss of vigor, and
reduced yield (Kunwar et al., 1986).
Pod blight, or anthracnose of soybean is caused by Colletotrichum spp., Colletotrichum
truncatum (Schwein.) Andrus & W.D. Moore, C. acutatum J.H. Simmonds, and C.
gloeosporioides (Penz.) Penz. and Sacc. and the pathogens can occur on soybean seed
(Manandhar and Hartman, 1999). C. truncatum can cause symptomatic or latent infection of
seed, and reduces germination and seedling survival (Begum et al., 2008). Seed infection
symptoms include wrinkling, reduced seed size, brown to orange discoloration, and in severe
cases, black colored acervuli can be observed.
Other soybean seedborne fungi include Alternaria alternata (Fr.) Keissl., A. tenuissima
(Kunze) Wiltshire, Cercospora sojina Hara., Aspergillus flavus Link, A. niger van Tieghem,
7

Curvularia lunata (Wakk.) Boedijn., Chaetomium spp., Nigrospora sphaerica (Sacc.) Mason,
Peronospora manshurica (Naum.) Syd., Rhizoctonia solani Kuhn, Pythium spp., Sclerotinia
sclerotiorum (Lib.) de Bary, Myrothecium spp., Epicoccum nigrum Ehrenb. ex Schlecht,
Biploaris spicifera (Bain), Cladosporium spp., Septoria glycines Hemmi., and Phyllosticta
sojicola C. Massal (McGee et al., 1980; Nicholson and Sinclair, 1973; Rolando, 2009).
Bacteria that are known to be seedborne on soybean include Bacillus subtilis (Ehrenberg)
Cohn., Pseudomonas savastonoi pv. glycinea (syn. P. syringae pv. glycinea) Hall, P. syringae
pv. tabaci Hall, Xanthamonas axonopodis pv. glycines Hasse (syn. X. campestris pv. glycines),
Curtobacterium flaccumfaciens pv. flaccumfaciens (Hedges) Collins and Jones, and Ralstonia
solanacearum (Smith) Yabuuchi et al (syn. Pseudomonas solanacearum) (Kulik and Sinclair,
1999). A disease that is especially problematic in tropical area is Bacillus seed decay, caused by
B. subtilis, which is ubiquitous in soil and on soybean leaves. On seed, B. subtilis can cause
losses in the field and postharvest can reduce germination when conditions are warm and moist
(Sinclair, 1999b). Symptomatic seed appear soft and with a “cheese like” texture. Bacillus seed
decay is associated with bacterial blight, caused by P. savastonoi pv. glycinea. Bacterial blight
is a widespread disease that causes lesions on plant tissues and can result in yield loss. Infected
seeds may have sunken or raised lesions, become slightly discolored, or appear asymptomatic.
The bacterial disease wildfire, caused by P. syringae pv. tabaci, causes brown necrotic lesions
surrounded by chlorotic halos, and is often found in association with bacterial pustule (Sinclair,
1999c). The causal organism of bacterial pustule, X. axonopodis pv. glycines, causes lesions on
the lower leaf surface and reddish brown spots on pods. The disease causes a reduction in seed
weight, and up to a 40% reduction of yield (Parthuangwong and Amnuaykit, 1987; Sharma et al.,
1993; Sinclair, 1999d). Both R. solanacearum and C. flaccumfaciens pv. flaccumfaciens (Cff)
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cause foliar wilt symptoms on soybean (Sinclair, 1999e). The causal organism of bacterial tan
spot, Cff, causes foliar lesions, seedling disease, and seed discoloration or may be asymptomatic
on seed (Tegli et al., 2002).
While seed vigor testing, pathogens, and the factors that affect these subjects are well
studied, there is much that remains unknown about these areas of seed science. Past research has
not assessed the effect of the cultivars used in this study, with known resistance and
susceptibility to P. longicolla and C. kikuchii, together with the use of foliar azoxystrobin
application on seed quality or infection after delay of harvest. Prior studies have addressed
relationships among various seed vigor and performance tests (Hoffmaster et al., 2005; MarcosFilho, 1998), and seed tests with microflora (Hamman et al., 2002). However, comparisons of
yield, SG, AA, SVIS, and EC tests to seed microflora have not been performed in the growing
environment of Arkansas, a major soybean producing state. The hypothesis of Chapter 2 of this
work was high quality seed can be produced with delayed harvest in Arkansas using disease
resistant cultivars and foliar fungicide application. In this study, high quality seed will have high
yield, SG, vigor, and low seed infection. The objective of this work was to determine the effect
of cultivar and foliar azoxystrobin application on soybean yield, germination, vigor, microflora,
and their relationships under harvest delay conditions.
Utilizing high throughput sequencing technology to characterize a soybean seed microbe
community
Arkansas soybean growers had concerns regarding seed-borne pathogens in seed lots, and
were interested in utilizing new technologies to assay soybean seed-borne pathogens. Seedborne
bacterial and fungal microorganisms are often assayed using cultural methods (Munkvold, 2009).
One commonly used cultural method to assay fungi and bacteria is by performing a plating
9

assay. Culture based assays entail placing surface disinfested seed on nutrient agar based media
in petri plates and incubating for several days. The choice of nutrient medium is dependent on
the desired group of organisms to be assayed, with acidified and antibiotic amended potato
dextrose agar often being used for fungal organisms, and nutrient agar often used for bacterial
assays. Fungi can also be enumerated using blotter tests. Blotter testing involves placing surface
disinfested seed on moistened specialized blotter paper and incubating for a period of time. In
both the plating assay and blotter test, any fungi or bacteria cultured in the assay are identified
and recorded.
While culture based microorganism enumeration methods are commonly used, and
appropriate if the desired organism grows well in cultural methods, there are some limitations in
organism detection using culture dependent methods. For example, some organisms may not be
culturable using laboratory methods; in some microbial ecosystems, only approximately 1% to
5% of microorganisms are enumerated with culture based methods (Amman et al., 1995;
Riesenfeld, 2004; Rosenzweig et al., 2012). Additionally, some slower growing microorganisms
may be inhibited by faster growing microorganisms or by inhibitory compounds secreted by
other microorganisms in vitro (Cubeta et al., 1985).
Culture independent microorganism assay methods offer an opportunity to detect
organisms that may not be easily observed using cultural methods. Examples of culture
independent seedborne and other plant tissue microorganism assay methods include
immunoassays, polymerase chain reaction (PCR) assays using organism specific primers, real
time PCR (qPCR), restriction fragment length polymorphisms (RFLPs), microarrays, and next
generation sequencing (Stobbe et al., 2013). In fact, many specific protocols and primers have
been created for the identification of specific fungal and bacterial microorganisms, including
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those that are phytopathogenic (Munkvold, 2009; Palacio-Bielsa, et al., 2009). However, many
of these are not practical for screening methods to enumerate multiple microorganisms at one
time. Of the nucleic acid based assays, only microarrays are readily multiplexed to assay many
organisms (Stobbe et al., 2014). Both immunoassays and specific primer based PCR assays
require previous microorganism characterization (Stobbe et al., 2013) and knowledge of the
potential presence of an organism in plant tissues, or in this case, the seed lot.
Next generation, or high throughput sequencing, is a relatively recent technology that
produces large amounts of sequence data from a sample (Ronaghi, 2001). The large dataset is an
asset as it presents a previously unparalleled volume of data. While the exact amount of data
generated varies among different next generation sequencing platforms due to differences in read
length and total number of reads, the 454 GS Junior sequencing produces average read lengths of
approximately 400 bp, and an average of 70,000 to 100,000 reads per run. The 454 GS
pyrosequencing platform provides relatively affordable sequencing technology (Rosenzweig et
al., 2012), and the 454 GS Junior platform made next generation sequencing even more
affordable at the time of this research.
There are a variety innovative bioinformatics techniques to process the large next
generation sequencing sequence data sets. Methods of processing the sequencing data vary
according to the project design and goals. Examples of methods include contig assembly for
whole gene or genome analysis, or in the case of community analysis, EDNA eprobe analysis,
which uses known sequences to search and match the sequence data (Stobbe et al., 2013; Stobbe
et al., 2014), and a variety of phylotype-based analysis approaches using phylogenetic tree
building (Rosenzweig et al., 2012; Sessitsch et al., 2012).
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Next generation sequencing is useful in microbial community analysis, in which all DNA
in a given ecosystem has the potential to be sequenced for analysis through culture independent
genomic analysis (Riesenfeld et al., 2004). Community analysis of a microbial environment can
involve using a selected locus of interest that is amplified using PCR and generic primers,
followed by the PCR product being sequenced, and the resulting data analyzed. This method can
be useful when researchers are interested in a particular set of organisms from an environment.
Examples of community analysis with next generation sequencing include bacterial and fungal
communities amplified with various generic primers in potato common scab infested suppressive
and non-suppressive soils (Rosenzweig et al., 2012), soil fungal communities of varying peanut
rotation cropping systems (Sudini et al., 2011), the endosphere and rhizosphere of cottonwood
poplar (Gottel et al., 2011), the endophyte community of poplars grown in field conditions
(Ulrich et al., 2008), and numerous others. A variety of generic PCR primers can be used for
community analysis, including but not limited to 16S nuclear ribosomal DNA (rDNA), internal
transcribed spacer (ITS), and 26S rDNA regions for bacteria and rDNA ITS regions and 5.8S
gene for fungi (Sudini et al., 2011; Wang et al., 2014).
While many culture independent assays exist to observe a particular pathogen of interest,
few are available to characterize several microorganisms in one assay. Significant effort and
resources are invested in pathogen screening by the seed industry and in diagnostic research
while striving to achieve accurate and reliable pathogen detection (Stobbe et al., 2013). As a
result, there is a need for a flexible and effective seedborne microorganism screening assay to
characterize multiple organisms. Culture independent seed pathogen screening is possible using
community analysis and high throughput sequencing tools. The hypothesis of Chapter 3 of this
work was that DNA sequence analysis of a soybean seed microbe community will reveal a more

12

extensive community than a culture based assay. The objective of this study was to determine if
amplicon sequence community analysis using next generation sequencing characterized more
fungi and bacteria than culture dependent methods.
Seed storage conditions and delayed plantings
Arkansas soybean growers have reported reduced emergence of late planted soybeans,
which are in storage for an extended period. The seed storage environment and time in storage
can have an impact on seed viability and vigor, and soybean seed are particularly sensitive to
unfavorable storage conditions (Parrish and Leopold, 1978). Temperature and moisture are
primary influences on the preservation of seed quality in storage. While dry, cool conditions are
favorable to maintain seed vigor, these conditions are not always available for seed storage
(Vertucci and Roos, 1990). Therefore, it is important to understand the effects of the storage
environment on seed vigor, and how resulting changes in seed quality and field performance can
be adequately measured with seed testing methods (McDonald, 1998). Temperature of the
storage environment has a large impact on seed performance, with warmer temperatures having a
negative effect on seed performance (Balesevic-Tubic et al., 2010; Vertucci and Roos, 1990;
Vieira et al., 2001). Moisture content and the relative humidity (RH) are also important in the
seed storage environment. High RH and moisture content, especially when combined with high
tempertures, have a negative impact on seed during the storage period (Balesevic-Tubic et al.,
2010). While in storage, soybean seed viability and vigor often decline with increasing duration
in storage, particularly when storage conditions are not favorable (Egli and TeKrony, 1996;
Vieira et al., 2001). Past research indicates soybean seed stored in warehouse conditions for
extended periods of 18-30 months experience losses in vigor, and a decline in viability measured
by SG (Andric et al., 2007), though generally soybean seed vigor declines faster in storage than
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viability measured by SG (Fabrizius et al., 1999). This loss of viability and vigor is problematic
since soybean seed are stored from one season to the next for planting, and even longer in the
case of late planted soybeans. Arkansas soybean growers have reported low emergence in late
planted soybeans, and a suspected cause was loss of vigor due to extended time in storage during
seasonally warm temperatures.
The conditions of the planting environment can have a significant impact on seed
performance. Temperature at planting, soil moisture, and other seedbed conditions, such as
soilborne pathogens can affect emergence (Hamman et al., 2002). Cool temperatures during
seed germination and emergence slow soybean hypocotyl elongation compared to growth at
warmer temperatures. At high temperatures, such as 40°C, seed do not germinate (Hatfield and
Egli, 1974). Additionally, seed deterioration due to storage can make soybean seed especially
sensitive to environmental stresses, including high and low temperatures during germination and
emergence (Byrd and Delouche, 1971).
Past research on the effect of storage conditions on soybean has not modeled commercial
storage environments, or did not include monitoring the relative humidity of the storage
environment. Given the large impact seed storage conditions have on seed vigor and field
performance, particularly of oilseed crops, the effects of typical storage in warehouse conditions
is important to understand. It is important to measure the effects of seed storage environment
and duration using tests that are commonly used in the seed industry, like AA, in addition to less
frequently used tests, such as SVIS, to attempt to gain a broader understanding of seed vigor
measurements and the effects of storage on seed vigor and emergence. Late planted soybeans
that are in storage for an extended period during the warmer summer months risk exposure to
unfavorable storage conditions and may result in reduced emergence in the field due to a loss of
14

vigor, though the exact reason for the emergence challenges experienced by Arkansas soybean
growers is unknown. The hypothesis of Chapter 4 was stand establishment problems may be due
to a loss in soybean seed vigor due to prolonged storage under hot warehouse conditions. The
objective of was to determine the changes in seed quality and performance of high and low
quality soybean seed stored in a commercial warehouse and under controlled conditions during
the summer season as measured by SG, vigor, and field emergence.
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II. Effects of soybean cultivar and fungicide application on seed quality, vigor, and
microflora under delayed harvest conditions
Abstract
Achieving high soybean seed quality is important to the soybean industry to obtain optimal
harvests. There are many characteristics of a seed lot that make up the seed quality of the lot,
including seed viability and seed vigor. Seed viability is measured by standard germination
(SG), while seed vigor can be measured by accelerated aging (AA), electrical conductivity (EC),
and the Seed Vigor Imaging System (SVIS) vigor index. Factors that can affect seed quality
include cultivar, the growing environment, foliar fungicides, pathogens, and delays in harvest.
An experiment was designed to determine how cultivar selection and foliar azoxystrobin
fungicide application affect soybean yield, germination, vigor, microflora, and their relationships
under harvest delay conditions. The study was conducted in 2008, 2009, and 2010 at the
University of Arkansas Vegetable Research Station in Kibler, AR. Seven cultivars with varying
resistance to Phomopsis longicolla or Cercospora kikuchii were tested, all of which were treated
or not treated with a foliar spray of azoxystrobin at R5 growth stage. After a delayed harvest,
yield was measured, and seed were subjected to SG, AA, SVIS, EC, and pathogen plating assays.
It was found that cultivar had a significant impact on yield and seed vigor, which were likely, at
least in part, due to differences in seedborne pathogen infection levels. Osage consistently had
high seed quality, as measured by SG and vigor tests, and low pathogen incidence. MO/PSD0259, AG 4403 and UA 4805 also had relatively high seed vigor and low pathogen incidence. PI
80837 had high vigor in 2008 and 2009, but not in 2010 while pathogen incidence in this cultivar
was high in 2009 and relatively low in 2008 and 2010. AP 350 and Suweon 97 generally had
relatively high pathogen incidence, particularly of P. longicolla and F. equiseti, and relatively
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low seed quality. Application of the foliar fungicide azoxystrobin at the R5 growth stage was
found to inconsistently affect seed vigor and seedborne pathogen incidence, particularly
Phomopsis longicolla.
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Introduction
High soybean seed germination and vigor are important to establishing seedling
emergence (TeKrony, 2002), and optimal yields (Johnson and Wax, 1978). Standard
germination (SG) is a measure of seed viability, germination, and early seedling growth under
ideal environmental conditions, and is often the only seed test information available on seed
packaging. Seed vigor, the ability of a seed to germinate and produce a seedling that emerges
under less than favorable conditions, is typically measured by accelerated aging (AA). AA tests
replicate the effects of aging by using high heat and humidity to measure seed vigor. Other vigor
tests, such as the Seed Vigor Imaging System (SVIS) and electrical conductivity (EC) measure
the speed of seedling growth and levels of seed exudates, respectively. Since germination and
vigor tests measure different characteristics of seed quality, it is possible for a seed lot to have
high percent germination and low vigor. High soybean seed vigor has been linked to increased
field emergence (Zorilla et al., 1994). It has also been reported that soybean seeds with high
germination and vigor perform better than seeds with high germination and low vigor in adverse
conditions, such as an unfavorable growing environment or the presence of pathogens (Isely,
1957; Roy and Ratnayake, 1997). Therefore, soybean seed vigor is an important factor to
consider, as viability of a seed lot alone is not sufficient to predict soybean seed performance
under field conditions (Clark, 2002; Foor et al., 1976).
Factors that can affect soybean seed vigor include fungicide application, cultivar, and
harvest timing. Environmental conditions during the growing season and soybean seed maturity
at harvest affect seed quality and performance (Foor et al., 1976; McGee et al, 1980; TeKrony et
al., 1983), and can also affect seed microflora (Shortt et al., 1981; TeKrony et al, 1983).
Common soybean seed pathogens that are known to negatively affect seed performance include
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Phomopsis longicolla (T.W. Hobbs) (Kmetz et al., 1978), Fusarium spp. (McGee et al., 1980),
Cercospora kikuchii (Mat and Tomoy) (Pathan et al., 1989), and Bacillus subtilis (Ehrenberg)
Cohn. (Sinclair, 1999).
Foliar fungicide applications during the growing season have been reported to affect seed
microflora and increase seed quality, particularly germination (Ellis and Sinclair, 1976). Foliar
application of benomyl, a benzimidazole fungicide, was observed to produce seeds with
increased germination and reduced seed fungi, compared to non-treated plots. Benomyl
application also resulted in a reduction of Diaporthe phaseolorum isolated from delayed
harvested seed, while non-treated plots had an increase in isolation of this pathogen compared to
promptly harvested plots. Currently, azoxystrobin is a widely used soybean fungicide (Kenny,
2000). Research by Padgett et al. (2003) reported that foliar application of azoxystrobin reduced
the incidence of P. longicolla related pod disease symptoms and seed wrinkling due to P.
longicolla. However, Wrather et al. (2004) reported that P. longicolla seed infection was higher
in azoxystrobin treated plots than non-treated plots. The varied results of foliar azoxystrobin
application on P. longicolla seed infection symptoms and isolation warrants further research.
Cultivar is known to have an influence on soybean seed germination, vigor, and
microflora. Research by Cho and Scott (2000) and Hintz et al. (1992) reported that soybean
yield is cultivar dependent. Bradley et al. (2002) found that cultivar differences in germination
were present when soybean seed were produced across multiple locations in Illinois, with
Asgrow 3704 having the highest germination consistently. Germination varied across soybean
cultivars in work by Wrather et al. (2003) and Foor et al. (1976), while seed vigor measured by
electrical conductivity and by seed leachate has been reported to be affected by cultivar (Andric
et al., 2007; Modi and McDonald, 1999). Cultivar differences in soybean seed microflora, such
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as P. longicolla and C. kikuchii, have been associated with cultivar resistance (Jackson et al.,
2009; Pathan et al., 1989). Additionally, cultivar differences have been reported among other
seedborne microflora, and cultivar resistance to these pathogens is unknown (Foor et al., 1976;
McGee et al., 1980).
A delay of harvest beyond physiological maturity sometimes occurs in soybean
production due to inclement weather. Harvest delay has been reported to negatively affect seed
performance of the seed produced, including SG and emergence (Braccini et al., 2003; Ellis and
Sinclair, 1976; Philbrook and Oplinger, 1989; Nangju, 1977). Seed that were of high vigor were
less affected by a delay in harvest than those of lower vigor (Braccini et al., 2003). Delayed
harvest is also associated with an increase of total soybean seedborne fungi (Ellis and Sinclair,
1976; Braccini et al., 2003), including Diaporthe phaseolorum (Wilcox et al, 1974), which can
affect seed vigor.
Arkansas soybean growers experienced challenges in producing seed of high quality and
low seed infection, particularly when harvest was delayed. Past research shows cultivar
characteristics, such as resistance to pathogens can affect seed quality and vigor, as seed
infection is associated with loss of quality. The cultivars in this study have not been studied for
vigor and infection with foliar azoxystrobin application after harvest delay. Other past research
has addressed relationships among various soybean seed vigor and performance tests
(Hoffmaster et al., 2005; Marcos-Filho, 1998), and seed tests and microflora (Hamman et al.,
2002). Relationships among yield, SG, AA, EC, and the relatively new SVIS with field grown
seed where harvest has been delayed have not been determined. Additionally, relationships
between SVIS and seed microflora have not been studied. It is important to examine seed testing
methods and assess new technologies for testing seed and to examine relationships among tests
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and pathogens relative to other established methods using seed with varied vigor and infection.
Currently, it’s unclear if it is possible to produce high quality seed with low seed infection in
Arkansas after harvest delay. The author hypothesized that high quality seed can be produced
with delayed harvest in Arkansas using disease resistant cultivars and foliar fungicide
application. In this work, high quality seed will have high yield, SG, vigor, and low seed
infection. The objective of this work was to determine the effect of cultivar and foliar
azoxystrobin application on soybean yield, germination, vigor, microflora, and their relationships
under harvest delay conditions.
Materials and Methods
Experimental design and crop management. The experiment was conducted in 2008, 2009,
and 2010 at the University of Arkansas Vegetable Research Station in Kibler, AR. Five
replications of each treatment combination were included in each year of the
experiment. Treatments included 7 cultivars, treated or not treated with the fungicide
azoxystrobin (methoxyacrylate, 22.9% a.i.) (Quadris, Syngenta Crop Protection, Greensboro,
NC) at a rate 438 ml/ha product with a foliar spray volume of 93.45 L/ha at the R5 growth stage
in a randomized complete block design with a harvest delay of 14 days past harvest
maturity. Plots were 4 rows wide and 6.1 m long, with 0.9 m row spacing. Experiments were
irrigated to the equivalent of 2.5 cm rainfall once weekly using overhead sprinklers. The center
two rows of each plot were harvested and seed from each sample were considered an individual
seed lot. Temperature and rainfall data were collected by a weather station near the research
station at Kibler, AR. Seed for planting each season was collected from multiple replications of
the previous year’s harvest, bulked by cultivar, packaged in a new randomized field design, and
stored at approximately 20°C and in low humidity until planting the following season.
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Cultivar selection. Seven cultivars with varying resistance or susceptibility to P. longicolla and
C. kikuchii seed infection were used. These include MO/PSD-0259 (P. longicolla resistant, MG
IV) (Jackson et al., 2009; Minor et al., 1993), PI 80837 (P. longicolla and C. kikuchii resistant,
MG IV) (Alloatti, 2009; Jackson et al., 2009), Agripro 350 (AP 350) (P. longicolla susceptible,
MG IV) (Jackson et al., 2006; Zimmerman and Minor, 1993), UA 4805 (C. kikuchii resistant,
MG IV) (Alloatti, 2009), Osage (P. longicolla and C. kikuchii resistant, MG V) (Chen, personal
communication), Suweon 97 (C. kikuchii susceptible, MG IV) (Alloatti, 2009), and Asgrow 4403
(AG 4403) (P. longicolla susceptible, C. kikuchii resistant, MG IV) (Alloatti, 2009; Cross et al.,
2012).
Yield and seed performance analysis. Yield data were collected by harvesting seed from two
rows per plot. Seed were weighed and yield per plot calculated as kg/ha yield at 13.0%
moisture. SG testing was promptly performed on 200 seed from each sample, as per the AOSA
seed testing manual protocol (Ashton et al., 2007). Seed were placed on two sheets of
germination paper wetted with distilled water, covered with a third sheet of germination paper,
rolled, secured, and placed in a plastic bag and covered loosely with a second plastic bag. SG
tests were placed in a growth chamber using 16 h of light at 30°C and 8 h of darkness at
20°C. After 7 d, seed and seedlings were categorized as normal, abnormal, or dead, and
recorded. For the purpose of this work, normal seedlings were statistically analyzed. Normal
seedlings are defined as germinated seed with well-developed roots, lateral roots are present, and
healthy cotyledon tissue (Ashton et al., 2007). AA testing was performed by obtaining 42 g of
seed, or counting 200 seed to avoid waste when seed was limited, placing seed in an AA box
(Hoffman Manufacturing, Inc, Jefferson, OR, US) over distilled water and incubated at 41°C
with high humidity for 72 h (McDonald and Phaneendranath, 1978; TeKrony and Spears, 2002).
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The seed were then assayed using the SG test procedure previously described. The SVIS
procedure was completed as described by Hoffmaster et al. (2003; 2005). The SVIS test used
200 soybean seeds to create four seed rolls of 50 seed each. Seed were placed on germination
paper wetted with distilled water, covered with a second sheet of wetted germination paper,
rolled, loosely covered with plastic bags, and placed in a growth chamber at 25°C and 24 h of
light each day for 72 h. Seed rolls were then unrolled and scanned using a custom fitted scanner
(Epson Scan, Epson America Inc., Ohio State University), and images analyzed using SVIS
software (Ohio State University). A vigor index was calculated by the SVIS software based on
the number of seeds that germinated, the average length of radicles, and shape of seedlings. The
SVIS protocol lists seed vigor groupings as: exceptional vigor (800-1000); outstanding (600799); good (400-599); poor (200-399); and not for seed (<200) (Hoffmaster et al, 2005). To
perform the EC test, methods were modeled after those by Vieira et al. (1999). Two hundred
seeds were placed into four new plastic cups, using 50 seed per cup, and 75 ml of distilled water
was added to each cup. Cups were incubated at 25°C for 24 hours, and the soaking solution
measured with an electrical conductivity meter (Waterproof ECTestr, Oakton Instruments,
Eutech). The EC test was conducted in 2009 and 2010.
Seed microflora detection and identification. To isolate seedborne fungi, fifty soybean seeds
of each seed lot were surface disinfested for 2.5 min in 70% ethanol, and patted dry using sterile
paper towels. Ten seeds each were placed on five 10 cm petri dishes containing potato dextrose
agar (PDA) (Difco, Becton, Dickinson and Company, Sparks, MD) amended with the miticide
fenpropathrin ((0.5 µl a.i.) (Danitol 2.4 EC, Valent USA Corp, Walnut Creek, CA)),
streptomycin sulfate (0.75 g/L), and lactic acid to a pH of 4.8 using aseptic technique and
incubated at room temperature. After 10 days, the plates were checked for fungal colonies and
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any fungi were recorded, and percent incidence seed infection was calculated. Representative
fungal isolates were transferred to obtain pure cultures for storage, and single spore colonies
were created when appropriate. Fungal isolates were stored using two methods, cryo-media, and
on PDA slants in sterile 8 ml glass vials with screw-cap lids. Cryo-media vials were freezer safe
sterile plastic 1.8 ml cryo-storage tubes filled with approximately 1 ml of sterile cryo-media (150
ml 10% dry skim milk, 150 ml 40% glycerol solution, combined after autoclaving). Fungal
organisms stored in cryo-media were grown on PDA for several days, and pieces that were
approximately 3x3 mm were placed in the cryomedia. Vials were capped aseptically and stored
at -20˚C. In the PDA slant vials, which were autoclaved twice, 24 h apart, fungal colonies were
transferred and grown for approximately 10 d. The vials were then filled with sterile mineral oil,
sealed aseptically, and stored at room temperature. Each fungal isolate was given a unique
isolate designation and number based on identification using morphological keys (Barnett and
Hunter, 1998; Hanlin, 1998). Isolates pending identification were saved and stored using the
same methods for later identification using molecular and morphological techniques. To
examine bacterial populations, fifty additional seeds from each seed lot were surface disinfested
and placed on five nutrient agar (Difco, Bection, Dickinson and Company, Sparks, MD) plates
with ten seed per petri plate. After 7 d, nutrient agar plates were checked, colonies recorded for
future calculation of percent incidence in the seed lot, and representative colonies were
transferred to a secondary nutrient agar plate using a streaking method to obtain single cell
bacterial cultures. These representative single cell derived cultures were stored in cryo-media for
later molecular identification as needed. Several loops full of bacteria were collected and placed
in the cryo-media using aseptic technique. Cyro-tubes were then capped, vortexed to evenly
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distribute the bacterial cells in the media, and placed in isolate boxes and frozen immediately at 20˚C.
To confirm isolate identity, molecular identification was performed on bacterial and
fungal samples. DNA extraction was performed using the PureGene Extraction Protocol (Gentra
Systems, Inc, Minneapolis, MN, USA). The master mix for fungal samples consisted of the
following on a per reaction basis: 58 μl DEPC water, 20 μl 5x GoTaq Flexi buffer with loading
dye, 8.0μl MgCl, 3.2 μl dNTP’s, 2.0 μl primer, and 0.8 μl of 5 U/ μl Taq polymerase using
GoTaq Flexi (Promega, Madison, WI). The ITS1: (gtc gta aca agg ttt ccg tag gtg) and ITS4: (tcc
tcc gct tat tga tat gc) primers were used to amplify fungal samples (White et al., 1990), using the
thermocycler program: 94˚C for 2 min for 1 cycle, followed by 94˚C for 30 s, 56˚C for 30 s, and
72˚C for 60 s for 35 cycles, followed by 72˚C for 5 min for 1 cycle, and held at 10˚C until
removed to -20˚C storage. To perform PCR amplification of bacterial samples, 68 μl DEPC
water, 10 μl 10x Taq buffer, 8.0μl MgCl, 3.2 μl dNTP’s, 2.0 μl primer, and 0.8 μl of 5 U/ μl Taq
DNA polymerase using (Promega, Madison, WI)). The 16S primers 799f (aac (a/c)gg att aga tac
cc(g/t)) and 1525R (aag gag gtg wtc car cc) were used to amplify bacteria, (Chelius and Triplett,
2001; Lane et al., 1991). The 799f/1525R primer thermocycler program used is as follows: 95˚C
for 3 min, followed by 35 cycles of 94˚C for 30 s, 53˚C for 1 min, 72˚C for 1 min, and a final
extension at 72˚C for 7 min (Chelius and Triplett, 2001). Confirmation of PCR amplification
was performed by gel electrophoresis on a 1.2% agarose gel made using 0.5 x TBE buffer with
10,000x gelRed (Promega Corporation, Madison, WI) as per mixing instructions. Lanes were
loaded using aliquots of the PCR products combined with bromophenol blue loading dye as
needed, per mixing instructions (Promega Corporation, Madison, WI), with the first lane of each
gel loaded with 100 bp ladder (Promega Corporation, Madison, WI). The agarose check gels
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were run using 0.5 x TBE buffer for 30 min at 140 volts. The remainder of the PCR products
were purified using the QuickClean 5M PCR Purification Kit (GenScript USA, Inc.) and
sequenced at the UAMS Sequencing Center (University of Arkansas Medical School, Little
Rock, AR, USA). BLAST database (Altschul et al., 1997) searches were performed to confirm
identity of fungal and bacterial isolates.
Data analysis. Data were analyzed using the Mixed Model procedure (Proc Mix) with Tukey’s
procedure for mean separations at the P ≤ 0.05 level using SAS Software (SAS Institute, Inc.,
NC). Factors used were year, cultivar, and fungicide application. Mean separations were
evaluated using protected pairwise contrasts among all treatments. Correlation testing between
seed testing methods and microflora were performed using Pearson’s Correlation Coefficient
using Proc Corr using SAS Software (SAS Institute, Inc., NC). Probability values greater than
0.05 were not considered significant.
Results
Yield. For yield, there were significant main effects for cultivar and year and a significant
interaction for year by cultivar (Table 2.1). The cultivars Osage, UA 4805, and AG 4403
generally had the highest yields among cultivars. The highest yields of these cultivars were
generally observed in 2009, followed by 2008, and 2010 (Figure 2.1). Yield for remaining
cultivars varied among years, and the pattern of annual yields often differed from yields of the
top three yielding cultivars. In the case of PI 80837 and Suweon97 there were no significant
differences across years.
Seed performance analysis. There were significant year, cultivar, and fungicide main effects in
the SG, AA, and SVIS tests, and cultivar and fungicide main effects for EC. SG and SVIS tests
had significant year-fungicide, year-cultivar, and cultivar-fungicide interactions, while AA and
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EC tests had significant year-cultivar and cultivar-fungicide interactions. There were significant
three way interactions of year, cultivar and fungicide for SG, AA, EC, and SVIS (Table 2.1).
Average SG varied by year and across cultivars (Figure 2.2). Generally, all cultivars had
their highest average SG in 2008. AG 4403 had the lowest SG of the cultivars and AG 4805, PI
80837, Osage, and MO/PSD 0259 had the highest SG. In 2009 and 2010, there were more
differences among the cultivars than in 2008, with PI 80837 and Suweon97 having low SG
values. In 2009, SG was generally higher than in 2010, but some cultivars had lower SG than in
2008. In both 2009 and 2010, AG 4403 and Osage had high SG. UA 4805 had high SG in 2009,
but much lower SG in 2010, while MO/PSD-0259 had low SG in 2009 and high SG in 2010.
AA tests had more differences between the cultivars than were observed in the SG test in
the 2008 season (Figure 2.3). AP 350 had the lowest AA, and MO/PSD-0259 the highest,
followed by Osage, AG 4403, and UA 4805. In 2009 and 2010, PI 80837 and Suweon97 had the
lowest AA, and Osage, UA 4805, and AG 4403 had the highest values in 2009. MO/PSD-0259
had the highest AA in 2010. Osage and AG 4403 were higher than other cultivars, but not as
high as MO/PSD-0259 in 2010.
More differences were seen among the seven cultivars in the SVIS test than in the SG test
in 2008 (Figure 2.4). AP 350 had the lowest SVIS vigor index, though it was still in the
acceptable range (Hoffmaster et al., 2005), while other cultivars were all near or above the range
for excellent vigor. In 2009, PI 80837 and Suweon97 had the lowest SVIS indices among the
cultivars, and were of good, and less than acceptable for SVIS index ranges, respectively. AG
4403, Osage, and UA 4805 had the highest SVIS indices among the cultivars, and had
exceptional SVIS vigor. In 2009, MO/PSD-0259 and AP 350 both had outstanding SVIS vigor
indices. In 2010, overall SVIS vigor indices declined compared to the other years. AP 350 and
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Suweon97 had the lowest SVIS vigor index which were poor and not acceptable for seed,
respectively. MO/PSD-0259 and Osage had the highest SVIS vigor, and were considered
outstanding and good SVIS vigor, respectively, while PI 80837, AG 4403, and UA 4805 were in
the category of good SVIS vigor in 2010.
EC data were collected in 2009 and 2010 seasons (Figure 2.5). PI 80837 and Suweon97
had the highest EC values in 2009. Osage, UA 4805, and AG 4403 had the lowest EC values. In
2010, Suweon97 had the highest EC, followed PI 80837, AP 350, and UA 4805. The lowest EC
values were MO/PSD-0259 and Osage. Generally, the EC for Osage was the lowest or nearly
was the lowest among the cultivars in both years.
Foliar fungicide application did not have consistent significant effects in the SG (Figure
2.2), or AA (Figure 2.3) tests in any year, but did result in vigor improvement in SVIS (Figure
2.4), and EC (Figure 2.5) tests in 2009 and 2010. In 2008, there were no significant differences
between treated or non-treated plots of any cultivar in the SG, AA, SVIS tests, and no data was
collected for the EC test in that year. In 2009, SG of MO/PSD-0259 and Suweon97 were higher
from treated than non-treated plots. However, AP 350, PI 80837, and UA 4805 had higher SG
higher from non-treated than treated plots. In 2010, AG 4403, AP 350, and UA 4805 seed had
higher SG in treated than non-treated plots. With AA, MO/PSD-0259 had higher AA from
treated than non-treated plots in 2009. In 2010, PI 80837 also had higher AA in treated than
non-treated plots, but Osage had lower AA in treated than non-treated plots. With SVIS, foliar
fungicide treatment improved vigor for MO/PSD-0259 and Suweon97 in 2009 and 2010, and PI
80837 in 2010. With EC, foliar fungicide application lowered EC of Suweon97 in both years,
and PI 80837 in 2010.
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Seed microflora. There were significant year and cultivar main effects, a significant yearcultivar interaction for P. longicolla, C. kikuchii, F. equiseti, B. subtilis, and total microflora seed
infection, a significant cultivar-fungicide interaction for P. longicolla and C. kikuchii, and a
significant year-fungicide interaction for P. longicolla (Table 2.1).
In 2008, P. longicolla seed infection was low in all cultivars (Figure 2.6), and was
highest in 2009. In 2009 and 2010, the lowest seed infections were in MO/PSD-0259 and Osage,
while Suweon97 had the highest. PI 80837 had high P. longicolla seed infection in 2009, but
intermediate in 2010. UA 4805, AP 350, and AG 4403 had intermediate seed infection. C.
kikuchii seed infection was low, less than approximately 5.0% for most cultivars in 2008 and
2009, with the exception of AP350 and MO/PSD-0259, which ranged from 8.8 to 18.0%, and in
2010, all cultivars were below 5.0%. F. equiseti incidence was low in 2008, with below 2.5%
isolation in all cultivars (Figure 2.7). In 2009 and 2010 isolation from Osage, AG 4403, and
UA4805 were low, below 3.1%, and Suweon97 and AP 350 had the highest F. equiseti seed
infection among the cultivars. MO/PSD-0259 and PI 80837 had high F. equiseti incidence in
2009, and low in 2010. B. subtilis incidence was relatively similar among cultivars and years,
except Suweon97 in 2010 when infection was over 35% (Figure 2.7). Total microflora incidence
were generally lower in 2008 than 2009 or 2010 (Figure 2.8). Osage and AG 4403 had low
incidence of total microflora isolation all three years. AP 350 and Suweon 97 had the highest, or
nearly the highest incidence in all three years of the study.
Across years, foliar fungicide application significantly increased P. longicolla seed
infection in MO/PSD-0259, PI 80837, and UA 4805, while fungicide application reduced seed
infection with Suweon97 (Figure 2.9, Figure 2.10). However, with the year-fungicide
interaction, there was no significant difference within year and to fungicide but seed infection
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was greater in 2009 than 2008 or 2010. With C. kikuchii incidence, foliar fungicide application
increased incidence in AP 350 and decreased incidence in MO/PSD-0259. Across cultivars,
foliar fungicide application did not reduce P. longicolla seed infection (Figure 2.10).
Seed performance testing and microflora relationships. There were significant correlation
values between seed tests and microflora, among microflora, and among seed tests (Table 2.2
and Table 2.3). When significant, microflora were negatively correlated with yield, SG, AA, and
SVIS, and positively correlated with EC (Table 2.2). These correlations were predominantly in
2009 and 2010. P. longicolla was significantly correlated with AA and SVIS in all three years,
with SG in 2009 and 2010, and with yield in 2009. There were significant positive correlations
between P. longicolla and EC in 2009 and 2010. The only significant correlation between C.
kikuchii and any of the seed tests was SVIS in 2008, and was not significantly correlated with
yield in any year. F. equiseti was significantly negatively correlated to SG, AA, and SVIS,
positively correlated to EC in 2009 and 2010, and negatively correlated to yield in all three years.
Similar correlations were found between these seed tests and B. subtilis, although the
correlations were greater in 2010 than 2009. Total microflora were significantly negatively
correlated to SVIS in 2008, SG, AA, and SVIS in 2009, and to SG, AA, SVIS, and yield in 2010.
When seed tests were compared to yield and each other, only AA and SVIS were
significantly correlated in 2008 (Table 2.3). In 2009, there was a strong positive correlation
between yield and SG, AA, SVIS, and a negative correlation EC, while AA and SVIS had the
strongest correlations with yield. In 2010, there were positive correlations between yield and
SG, AA, SVIS, and negative correlation with EC. In 2009 and 2010, there were more significant
correlations among testing techniques than in 2008, and in 2009 and 2010, all correlations were
strong, over 0.65.

38

Environmental data. There were seasonal differences in the weather among the years the
experiment was conducted (Figure 2.11). The 2009 growing season had more rainfall in the later
part of the season than the other years, especially just before harvest. In the month before
harvest, there were 3 rainfall events totaling 9.5 cm in 2008, 2009 had 12 rainfall events, totaling
24.4 cm, and 2010 had 11 events totaling 12.0 cm rainfall. Generally, 2010 was warmer overall
than 2009 or 2008, both mid growing season in August, and the late growing season during
October.
Discussion
The hypothesis of this work was partially supported, as seed of high quality was
produced through the use of cultivars that were resistant, or suspected to be resistant, to soybean
seed pathogens, including P. longicolla. However, the hypothesis was not supported regarding
the use of foliar application of azoxystrobin in that there was no consistent increase in SG or
vigor, or reduction of seed infection. Cultivar had a significant impact on seed quality and
pathogen incidence. It is known that P. longicolla infection is associated with reduced vigor, and
is one of the most common and important seedborne pathogens of soybean (Wrather et al.,
2003). This pathogen was one of the most isolated pathogens in this experiment. In this field
study, Osage, MO/PSD-0259 and AG 4403 were resistant to P. longicolla seed infection as
indicated by the low seed isolation of P. longicolla in all years of the study. The cultivars PI
80837 and MO/PSD-0259 have been reported to be resistant to Phomopsis Seed Decay in
previous research, assessed by measuring amounts of seed infection (Jackson et al., 2009;
Mengistu et al., 2010; Minor et al., 1993; Zimmerman and Minor, 1993), but resistance of Osage
has not been previously documented. Osage (from Hartz 5545 x KS 4895 (Allen and Bhardwaj,
1987; Chen et al., 2007)) does not share any recent lineage with the PSD resistant PI 80837
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(from Shore x Ware (Delannay et al, 1983)), or MO/PSD-0259 (from PI 417479 x Merschman
Dallas (Jackson et al., 2005; Minor et al., 1993)), indicating that any resistance to P. longicolla
seed infection in Osage comes from a source other than these lines. The PSD resistant PI 80837
(Jackson et al., 2009) had high P. longicolla seed infection in 2009 when the growing
environment was particularly favorable for P. longicolla disease development. AG 4403 had
relatively low incidences of P. longicolla seed infection, including in 2009 when P. longicolla
seed infection was high, though it was reported as susceptible to P. longicolla seed infection in
other research (Cross et al., 2012). Perhaps the mechanism of protection from seed infection by
P. longicolla may be different in Osage, MO/PSD-0259, and AG 4403 than in PI 80837. While
the exact reason for the particularly low seed infection of Osage is unknown and requires more
research, a possible reason may be a structural defense. Suweon97 and AP 350 appeared to be
susceptible to seed infection by P. longicolla, which was consistent with previous research
(Jackson et al., 2005; Zimmerman and Minor, 1993). UA 4805 appeared to be intermediate to
seed infection by P. longicolla in this study. This research showed that P. longicolla seed
infection resistance can be effective, even when harvest is delayed. This is of particular value to
producers concerned with possible weather related harvest delays and the potential for high P.
longicolla seed infection.
When there was higher C. kikuchii seed infection in some cultivars in 2008 and 2009,
Osage, PI 80837, UA 4805, AG 4403, and Suweon97 had low percent seed infection. Alloatti
(2009) reported AG 4403 to be resistant to seed infection by C. kikuchii. However, the low
incidence of C. kikuchii in Suweon97 observed in this study was contrary to the findings of
Alloatti (2009), which stated Suweon97 was susceptible to C. kikuchii seed infection. High C.
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kikuchii incidence indicated that MO/PSD-0259 and AP 350 were susceptible, which was
consistent with work by Jackson et al. (2006).
F. equiseti and B. subtilis, less studied seedborne pathogens, were found to be associated
with reduced vigor in this study. Osage, UA 4805, and AG 4403 appeared to be resistant to seed
infection by F. equiseti, while remaining cultivars had higher seed infection and may be
susceptible. AG 4403, MO/PSD-0259, and Osage had the lowest incidence B. subtilis, while AP
350, PI 80837, and UA 4805 were relatively intermediate, and Suweon97 the highest. It is
generally known that Fusarium spp. and B. subtilis have a negative effect on seed quality, though
limited information about seed infection and availability of resistance of soybean cultivars is
available from past research (Sinclair, 1999; Schiller et al., 1977). Further studies to screen for
resistance to these potentially important pathogens would be of value to Arkansas soybean
growers, and additional research is needed to more fully understand the role of F. equiseti and B.
subtilis in Arkansas soybean production.
Rainfall and temperature in the growing environment are known to affect pathogen
incidence, particularly P. longicolla (Shortt et al., 1981). While other factors than rainfall and
temperature may affect seed infection and vigor, pathogen incidence was lowest and seed quality
best in 2008, followed by 2010, and 2009. The 2009 and 2010 seasons had more frequent
rainfall than 2008. It appeared that weather during the growing season, particularly late season
wet weather, likely had a role in seed infection and quality in this study. Past research has shown
that while both temperature and rainfall affect P. longicolla infection. Rainfall had a greater
impact on P. longicolla incidence than temperature in field growing conditions (Shortt et al.,
1981), and this appeared to be true in this study. Other research reported increased rainfall
(Shortt et al., 1981) and overhead irrigation (Mengistu and Heatherly, 2006) were associated
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with increased P. longicolla seed infection. The environment of the late season period during
seed maturation prior to harvest is an important time in development of P. longicolla seed
infection, especially moisture (Mengistu and Heatherly, 2006; Shortt et al., 1981). F. equiseti
and total seed infection appeared to be related to the amount and frequency of weather related
precipitation in this study in a similar manner as P. longicolla. B. subtitlis seed infection was
similar in 2008 and 2009, and generally higher in 2010. C. kikuchii seed infection responded
differently to the growing environment than P. longicolla or F. equiseti, with infection levels
high in 2008 and 2009, and lower in 2010. The differences in seed quality and pathogen
infection observed in this experiment were suspected to be at least partly due to the weather
differences among the years of this study, and not seed source, as 2010 seed infection was less
than in 2009. If seed source were a large influence on future seed quality or seed infection of a
future crop the following season, seed would have likely maintained or continued to generally
decline in seed vigor or increase in infection from 2009 to 2010.
Multiple factors are known to contribute to challenges in producing seed that are of high
quality, and while important, seedborne pathogens are not the sole factor affecting seed quality.
Factors such as genetic characteristics of cultivars, including Maturity Group (MG) and seed coat
characteristics can affect seed vigor. For example, growing earlier MGs in midsouthern US
production areas have been reported to negatively affect seed vigor (Mengistu and Heatherly,
2006). Seed coat attributes can affect seed coat integrity, which can affect seed vigor (Modi and
McDonald, 1999). In this experiment, MG did not seem to have a large effect on seed vigor or
infection, possibly due to the narrow range of the MGs used. Conditions of the growing
environment can also affect seed germinability and vigor, and differences in the growing
environment among the years of this study had an impact on seed quality. While these
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differences in seed quality were partly due to seed infection differences associated with varying
seed infection favorability of weather conditions in the three years of the study, those same
growing environment weather differences can affect seed quality directly. Conditions of the
growing environment, having had an impact on seed quality, may be what occurred in the case of
PI 80837 in 2010 when both seed vigor and seed infection were low. High temperatures during
the reproductive growth period have been known to negatively affect seed quality as measured
by SG and vigor tests, particularly when temperatures were 30-35˚C for an extended period
during seed development, as were seen in 2010 of this study (Egli et al., 2005; Gibson and
Mullen, 1996; Keigley and Mullen, 1986; Spears et al, 1997). This study showed the importance
of considering the growing environment and employing appropriate crop management practices,
such as adjustments to irrigation or harvest schedules, to achieve high seed quality.
Alternatively, locating seed production in areas with more favorable growing environments may
need to be considered to achieve the best possible seed quality.
Of seedborne pathogens assayed, only P. longicolla and C. kikuchii seed infection levels
were affected by fungicide application. For several cultivars there were no significant effects on
seed infection from foliar fungicide application, though when there were, effects were observed
in cultivars with generally higher seed infection levels. Increased P. longicolla seed infection
was observed in treated PI80837 and UA 4805, and decreased seed infection with treatment in
Suweon97. Foliar fungicide treatment resulted in decreased C. kikuchii seed infection in
MO/PSD-0259, and increased seed infection in AP 350. Significant effects of foliar
azoxystrobin application on seed quality were only present in 2009 and 2010. When significant,
the SG and AA tests had both improvement and reductions of seed quality from azostrobin
treatment among the cultivars, while cultivars that were significantly affected in the SVIS and
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EC tests had improved vigor. Wrather et al. (2004) and Cross et al. (2012) reported similar
results in experments that were concluded at harvest maturity. Plants treated with azoxystrobin
at either R3, R5, R6, R3 and R5 (Wrather et al., 2004), or R3 and R6 (Cross et al., 2012)
produced a higher percentage of P. longicolla infected seed than the non-treated control, or no
significant reduction in seed infection, as determined by seed plating assays. The reason for this
increase in seed infection by P. longicolla in fungicide treated plots is not known. While this
and other research showed foliar azoxystrobin application to be ineffective in P. longicolla seed
infection management, research by Padgett et al. (2003) reported a reduction of soybean pod
disease symptoms and Phomopsis shriveled seed after foliar application of azoxystrobin at R5.
While there is a 0.67 correlation between pod infection and seed infection of Phomopsis sp.
(McGee et al., 1986), pod disease symptoms don’t always result in seed infection (Mengistu et
al., 2009). The measurement of pod disease symptoms and percent shriveled seed, as opposed to
measurement of percent seed infection using plating assays, may have had a role in the differing
reports of azoxystrobin effects on P. longicolla among these studies. Foliar application of
azoxystrobin may not provide sufficient protection from Phomopsis seed infection and other
fungi, including with the delayed harvest used in this study. B-tubulin inhibitors, FRAC group 1,
like Benomyl, applied as foliar sprays have been reported to manage P. longicolla seed infection
(McGee, 1986), which suggests that P. longicolla seed infection management can be achieved
using foliar fungicide application. Other fungicides that were not evaluated in this study, such as
benzimidazoles still available for use on soybeans, may offer better management of P. longicolla
and other pathogenic fungi than azoxystrobin foliar applications.
While using seed quality tests to determine effects of seed quality improvement efforts,
it is important to examine the tests used and assess the value of newer technologies, such as
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SVIS. Past research has examined relationships of seed tests with the industry standard AA and
other tests including standard germination, early germination counts, seed leachate tests, SVIS
and field emergence (Dias et al., 1996; Hoffmaster et al., 2005; Torres et al, 2004; Vieira et al.,
1999). Prior to this study the SVIS test has not been compared to EC, or to other quality tests
using field grown seed that were harvest delayed. SVIS is a promising testing method to
determine seed vigor, as it correlates strongly with other vigor testing methods in this work and
other research (Hoffmaster et al., 2005). SVIS takes less time to complete, is simpler to perform,
and is less sensitive to incubation timing and temperature than the AA test, which is very
sensitive to these conditions (TeKrony and Spears, 2002).
While correlation does not neccesarily indicate causation, performing correlation analysis
can reveal relationships among data that can be informative. The relationships between SVIS
and soybean seedborne pathogen infection, in addition to relationships among other seed quality
tests and F. equiseti or B. subtilis, have not been documented prior to this study. In this study, F.
equiseti and B. subtilis were found to have stronger negative correlations with SG, AA, and
SVIS, and positive with EC, than P. longicolla. Fusarium equiseti, P. longicolla, and B. subtilis
were not only associated with reductions in seed quality, but were negatively associated with
yield as well. F. equiseti was the only pathogen negatively correlated with yield in all years of
the study, while P. longicolla and B. subtilis were in 2009 and 2010, respectively. The impact of
F. equiseti and B. subtilis on soybean seed quality has likely been previously overlooked. While
the relationship between P. longicolla, seed germination, and AA has been documented (Wrather
et al., 2003; Foor et al., 1976), relationships between seed vigor testing and other pathogens has
been examined less thoroughly (Foor et al., 1976; McGee et al., 1980; Roy and Ratnayake,
1997). For example, Foor et al. (1976) measured B. subtilis seed infection and found it to be
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important to soybean seed germination, though little is known about the effects of B. subtilis on
soybean vigor. Fusarium pallidoroseum is known to be negatively correlated with soybean SG
and emergence (Roy and Ratnayake, 1997), though the information about the relationship
between soybean seed vigor and F. equiseti as well as other species of Fusarium is limited. C.
kikuchii did not appear to affect seed vigor. There were no correlations of C. kikcuhii to any of
the vigor ratings except SVIS in 2008. Other studies have also reported little to no effect of C.
kikuchii on germination and vigor, except when infection was severe (Velicheti et al., 1992; Yeh
and Sinclair, 1982). In this study, P. longicolla, F. equiseti, and B. subtilis seed infection
appeared to be of particular value to examine in soybean seed lot pathogen assays due to the
inverse relationship observed between these pathogens and seed vigor and yield.
It is important to consider if seed pathogen infections are a result or cause of reduced
seed vigor of seed produced in the field. The total seed infection data show that in some cases
the majority of seed in a seed lot were not infected by pathogens, though there were still
instances of low seed vigor in the absence of pathogens. As previously discussed, seed vigor can
be negatively affected by factors in the growing environment and harvest delay, which could be a
reason for loss of seed quality in the absence of pathogens (Egli et al., 2005; Gibson and Mullen,
1996; Keigley and Mullen, 1986; Spears et al., 1997). Therefore, it seems that loss of vigor in
this study is likely due to an additive effect of the growing environment and pathogens.
The purpose of this study was to achieve production of high quality seed with low seed
infection through the use of culitvars resistant to common pathogens and application of foliar
fungicide when harvest was delayed. The data of this study showed that cultivar was important
to achieve high quality seed after delayed harvest. Cultivar affected seed quality, which in this
study, was likely related to seed infection. Of the cultivars used in this study, Osage produced
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high vigor seed and is a good candidate for growers in the Arkansas production area concerned
with obtaining high quality seed when there is a risk of harvest delay. In addition to P.
longicolla, F. equiseti and B. subtilis had a negative role in seed quality and should be monitored
by seed pathologists and soybean growers producing seed. A single azoxystrobin foliar
fungicide spray did not have a consistent impact on seed vigor or reduction in seed infection
under delayed harvest conditions. Foliar azoxystrobin application should not be soley relied
upon for management of P. longicolla or other seed-borne pathogens examined in this study, and
other fungicides should be assessed for use in managing seed infection.
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Table 2.1: P-value table for the soybean seed quality test in Kibler, AR, with year as a fixed
effect.
Yield and seed quality
Yield
SG
AA
SVIS
EC
Rep
ns
0.0003
<.0001
<.0001
<.0001
Year
0.0019
<.0001
0.0054
<.0001
ns
Cultivar
<.0001
<.0001
<.0001
<.0001
<.0001
Fungicide
ns
0.0191
<.0001
<.0001
<.0001
Year*Fungicide
ns
0.0002
ns
0.0038
ns
Year*Cultivar
<.0001
<.0001
<.0001
<.0001
<.0001
ns
Cultivar*Fungicide
0.0011
<.0001
<.0001
<.0001
ns
Year*Cultivar*Fungicide
<.0001
<.0001
<.0001
0.0272
P.
C.
F.
Seed organisms
longicolla
kikuchii
equiseti
B. subtilis Total flora
ns
ns
ns
Rep
0.0023
<.0001
Year
<.0001
<.0001
<.0001
0.0043
0.0277
Cultivar
<.0001
<.0001
<.0001
<.0001
<.0001
ns
ns
ns
ns
ns
Fungicide
ns
ns
ns
ns
Year*Fungicide
<.0001
Year*Cultivar
Cultivar*Fungicide
Year*Cultivar*Fungicide

<.0001
<.0001
ns

<.0001
0.0115
ns

<.0001
ns
ns

<.0001
ns
ns

<.0001
ns
ns
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Figure 2.1: Effects of year and cultivar on soybean yield (kg/ha) grown in Kibler, AR. Means
followed by the same letters are not significantly different, mean separations were calculated
using Tukey’s test HSD values at P≤0.05.
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Figure 2.2: Effects of year, cultivar, and foliar fungicide application on normal seedlings (%) for
standard germination (SG) of seed grown in Kibler, AR. Means across year, cultivar, and
fungicide treatment followed by the same letters are not significantly different, calculated using
Tukey’s test HSD values at P≤0.05.
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Figure 2.3: Effects of year, cultivar, and foliar fungicide application on normal seedlings (%) of
accelerated aging (AA) of seed grown in Kibler, AR. Means across year, cultivar, and fungicide
treatment followed by the same letters are not significantly different, calculated using Tukey’s
test HSD values at P≤0.05.
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Figure 2.4: Effects of year, cultivar selection, and foliar fungicide application on Seed Vigor
Imaging System (SVIS) indices of soybean seed grown in Kibler, AR. SVIS indices are
categorized as: exceptional vigor=800-1000; outstanding vigor=600-799; good vigor=400-599;
poor vigor=200-399; not for seed=<200 (Hoffmaster et al., 2005). Means across year, cultivar,
and fungicide followed by the same letters are not significantly different, calculated using
Tukey’s test HSD values at P≤0.05.
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Figure 2.5: Effects of year, cultivar selection, and foliar fungicide application on electrical
conductivity (EC) of soybean seed grown in Kibler, AR. Means across year, cultivar, and
fungicide followed by the same letters are not significantly different, calculated using Tukey’s
test HSD values at P≤0.05.
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Figure 2.8: Effects of year and cultivar selection on incidence of total microflora isolated from
seed grown in Kibler, AR. Different letters indicate significant differences, mean separations
were calculated using Tukey’s test HSD values at P≤0.05.

61

A
30

P. longicolla incidence (%)

j

25

i

20

h

h

gh
f

15
10

de
bcd

cd
ab

fg
ef

abc
a

5
0

C. kikuchii incidence (%)

B
14
12
10
8
6
4
2
0

f
f
e

de

cde
a-d
abc

abc
a

ab

ab a

b-e
ab

Cultivar
Treated

Untreated

Figure 2.9: Effect cultivar and foliar fungicide application on the incidence of A) Phomopsis
longicolla and B) Cercospora kikuchii isolated from soybean seed grown in Kibler, AR.
Incidence was calculated from organisms isolated from 50 seed. Means followed by the same
letters were not significantly different, calculated using Tukey’s test HSD values at P≤0.05.

62

c

P. longicolla incidence (%)

35
30

bc

25
20
15

abc

10
5

ab
a

a

0
2008

2009

2010

Year
Treated

Untreated
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are not significantly different, calculated using Tukey’s test HSD values at P≤0.05.
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Table 2.2: Pearson's Correlation Coefficient values of the seed performance tests and yield
compared to seed microflora by year with seed grown in Kibler, AR.
Yield
SG
AA
SVIS
EC
2008
ns
P. longicolla
nsy
-0.2714
-0.3919
NDz
ns
ns
C. kikuchii
ns
-0.3737
ND
ns
ns
F. equiseti
ns
ND
-0.3265
ns
ns
B. subtilis
ns
ND
ns
2009
P. longicolla
-0.3358
-0.3515
-0.4614
0.5390
-0.3739
ns
ns
ns
ns
ns
C. kikuchii
F. equiseti
-0.6538
-0.7440
-0.7569
0.6522
-0.7096
B. subtilis
-0.2713
-0.3369
-0.4388
0.3342
ns
2010
P. longicolla
-0.5740
-0.3370
-0.4880
0.5582
ns
ns
ns
ns
ns
ns
C. kikuchii
F. equiseti
-0.6540
-0.5510
-0.7190
0.6418
-0.4479
B. subtilis
-0.7120
-0.6150
-0.7400
0.7716
-0.4133
Total microflora
ns
ns
ns
2008
-0.43844
ND
ns
2009
-0.4043
-0.3490
-0.4119
0.5901
2010
-0.7772
-0.6109
-0.7509
0.7791
-0.3834
y
= Pearson's Correlation Coefficient values listed are significant at <0.05 of Prob >|r| under
H0: Rho=0; “ns” indicates a not significant value for this listed comparison.
z
= ND indicates no data were collected for the test listed.
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Table 2.3: Pearson's Correlation Coefficient values by year of yield and the seed
quality and vigor tests of seed grown in Kibler, AR.
EC
SG
AA
SVIS
2008
AA
nsz
ns
SVIS
0.6639
ns
Yield
ns
ns
2009
AA
0.7649
SVIS
0.8057
0.9074
EC
-0.6938
-0.7597
-0.8119
-0.6036
Yield
0.6989
0.7736
0.7455
2010
AA
0.7479
SVIS
0.6943
0.7145
EC
-0.7860
-0.7550
-0.7110
-0.4960
Yield
0.5448
0.5324
0.5169
z
= Pearson's Correlation Coefficient values listed are significant at <0.05 of Prob
>|r| under H0: Rho=0; “ns” indicates a not significant value for this listed
comparison.
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Figure 2.11: Average daily temperature and precipitation in: a) 2008 Planting date (PD) was June
6, 2008, R5 azoxystrobin foliar fungicide application (F) was August 13 and 29, 2008, and
harvest (H) was October 15, 2008, b) 2009 PD was June 5, 2009, F was August 12, 2009, and H
was November 3, 2009, and c) 2010 PD was May 27, 2010, F was August 18, 2010, and H was
October 27, 2010.
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III. Characterization of soybean seedborne fungi and bacteria using a culture independent
next generation sequencing method
Abstract:
Soybean seed quality and vigor can be affected by seed microflora, including several pathogens.
Phomopsis longicolla and other pathogens are important characterize within a soybean seed lot
because they are known to cause reductions in seed vigor and emergence. Commonly used
culture dependent laboratory assay methods may not detect the full range of soybean seedborne
microorganisms. In culture dependent assays, some fast growing microorganisms may cover the
entire petri plate rapidly and prevent detection of slower growing microbes, while some
microorganisms may not grow under laboratory culture conditions. The objective of this study
was to determine if amplicon sequence community analysis using next generation sequencing
enumerated more fungi and bacteria than culture dependent methods. To accomplish this
objective, a proof of concept method using PCR amplification of fungal and bacterial DNA
followed by 454 GS Junior pyrosequencing was developed to detect microorganisms from a
soybean seed lot. This method entailed DNA extraction, PCR amplification of the ITS region for
fungi and 16S for bacteria, 454 pyrosequencing, and amplicon sequence analysis of a microbe
community of a seed lot grown in the field trial research involving delayed harvest. Amplicon
sequence analysis was performed using two separate analysis methods. The first method entailed
clustering highly similar sequences using CAP 3 to reduce the dataset size. The clustering
assembly resulted in 565 clustered contigs and 1,959 remaining singlets. The amplicon sequence
data set size was further reduced by matching assembled sequences and singlets in a custom
DNA sequence local database library using the appropriate gene sequences of common soybean
seedborne pathogens, and recording the matches. The remaining amplicon sequences that were
not matched in the custom sequence library were Blast-ed in GenBank and matches were
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reviewed and recorded. The secondary analysis entailed using the updated VirFind pipeline.
This pipeline clustered sequences with Newbler, and the resulting clustered sequence contigs and
singlets were subjected to the UNITE fungal ITS sequence database, followed by GenBank.
Microorganisms that were not initially detected using the plating methods were found using both
analysis methods of the amplicon sequences. These microbes included both fungal and bacterial
organisms such as Phomopsis spp., Fusarium spp., Cercospora sp., Pseudomonas sp., and other
fungi and bacteria. There were similarities in the outputs of the analyses methods at the genus
level of identification, though there were some species identification differences, and some
organisms were identified in only one analysis. Some differences in results between the analysis
methods were expected due to the different technologies used in the two analyses methods.
Microbe matches found in the amplicon sequence analysis were confirmed by performing PCR
with specific primers of selected microorganisms using the original DNA extraction solution.
This work found a more complex seed microbe community was observed with the culture
independent amplicon sequence approach than was revealed by the culture based technique.
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Introduction
Soybean (Glycine max [L.] Merr.) seed pathogens are known to reduce soybean quality
and vigor, and cause disease in the field that can result in economic losses (Kuan, 1988).
Seedborne pathogens are associated with reduced germination and viability, split seed, moldy
seed, and loss of crop value. Over 484 million bushels of soybean were lost in 2009 due to plant
diseases, many of which were seedborne (Koenning and Wrather, 2010). Plant pathogen
screening in agricultural biosecurity is essential to pathogen management by limiting the spread
of disease (Stobbe et al., 2014). This applies to seedborne pathogens as well, as infested seed
can be a source of primary inoculum that may infect future crops (Kulik and Sinclair, 1999a).
Over thirty fungi and six bacteria are known to be seedborne on soybeans (Kulik and
Sinclair, 1999a; Roy et al., 2000). Examples of problematic seedborne fungi include Phomopsis
longicolla (T.W. Hobbs) and related species, Cercospora kikuchii (Tak. Matsumoto and Tomoy),
C. sojina (Hara)., Fusarium spp., Colletotrichum truncatum (Pers. ex Fr.) Grove Sin., C.
gloeosporioides (Penz.), Alternaria alternata (Fr. Keissler), A. tennuissima (Kunze: Pers.,
Wiltsh) , Macrophomina phaseolina (Tassi) Goid, and Cladosporium cladosporiodies (Fres.).
The Phomopsis- Diaporthe complex is a very important pathogen group on soybean, as it
causes more losses than any other seedborne fungi (Sinclair, 1999a). Causal organisms of this
complex include P. longiolla, Diaporthe phaseolorum vars. sojae, caulivora, and meridionlis
(anamorph P. phaseoli), with P. longicolla being most prevalent and primary cause of seed
decay (Sinclair, 1999a). Seeds severely infected with P. longicolla are shriveled, misshapen, and
have visible mycelium on the surface, though some infected seed may be asymptomatic but
germination is still reduced. Infection by P. longicolla is associated with damage to seed coat
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and cotyledonary tissues, a reduction in germination, and pre- and postemergent damping-off
(Velicheti et al., 1992).
Cercospora leaf blight, leaf spot, and purple seed stain (PSS) are caused by C. kikuchii
(Cai et al., 2009; Schuh, 1999). PSS infects seed through the pod and is characterized by seed
discoloration varying from pale purple to dark purple, and sometimes pink, in irregular patches
on varying amounts of the seed coat (Cai et al., 2009; Schuh, 1999). PSS is known to cause
damage to the seed coat (Velicheti et al., 1992), negatively affect seed yield and quality,
including reduced stands, with the extent of effects being dependent on the extent of colonization
on the seed (Cai and Schneider 2008; Yeh and Sinclair, 1982).
Several species of Fusarium have been isolated from soybean seed, including F. equiseti
(Corda), F. graminearum Schwabe, F. oxysporum Schlechtendahl emend. Snyder and Hansen, F.
semiticum Berkeley and Ravenel, F. solani (Martius), F. pallidoroseum (Cooke) Sacc., F.
proliferatum (Matsushima) Niremberg, F. verticillioides (Saccardo), F. culmorum (W.G. Smith),
and F. sporotrichiodes Sherbakoff (Leslie et al., 1990; Nelson, 1999). Seedborne Fusaria of
soybean are associated with some discoloration of the affected seed coat area, and a reduction in
germination.
Reductions in soybean yield quality and quantity are known to be linked to
Colletotrichum sp., the causal organisms of anthracnose, or pod blight of soybean (Manandhar
and Hartman, 1999). Colletotrichum truncatum has been reported to cause symptomatic and
latent infection on seed and reduce germination and seedling survival (Begum et al., 2008).
Macrophomina phaseolina, the causal organism of charcoal rot of soybean, is known to be
seedborne and has the potential to cause both symptomatic and latent infections in seed (Kunwar
et al., 1986). Under tropical growing conditions, M. phaseolina causes postemergence damping70

off, progressive wilt, yellowing, premature drying, loss of vigor, reduced seed emergence, and
loss of yield in mature plants (Kunwar et al., 1986).
Bacteria reported to negatively affect soybean include Bacillus subtilis (Ehrenberg)
Cohn., Pseudomonas savastonoi pv. glycinea (syn. P. syringae pv. glycinea) Hall, P. syringae
pv. tabaci Hall, Xanthamonas axonopodis pv. glycines Hasse (syn. X. campestris pv. glycines),
Curtobacterium flaccumfaciens pv. flaccumfaciens (Hedges) Collins and Jones, and Ralstonia
solanacearum (Smith) Yabuuchi et al (Kulik and Sinclair, 1999b). B. subtilis, the causal
organism of Bacillus Seed Decay, is ubiquitous in soil and on soybean leaves. Bacillus Seed
Decay causes losses in the field and postharvest, and can reduce germination when conditions
are warm and moist (Sinclair, 1999b). Bacterial blight, caused by P. savastonoi pv. glycinea, is a
wide spread bacterial disease that is known to cause lesions on plant tissues and yield loss.
Infected seeds may have sunken or raised lesions, become slightly discolored, or appear
asymptomatic (Sinclair, 1999c). Wildfire, caused by P. syringae pv. tabaci, causes brown
necrotic lesions surrounded by chlorotic halos, and is often associated with bacterial pustule
(Sinclair, 1999d). The causal organism of bacterial pustule, X. axonopodis pv. glycines, can
cause lesions on the lower leaf surface, reddish brown spots on pods, reduction in seed weight,
and a 40% reduction of yield (Parthuangwong and Amnuaykit, 1987; Sharma et al., 1993;
Sinclair, 1999e). Both C. flaccumfaciens pv. flaccumfaciens (Cff) (bacterial tan spot, bacterial
wilt) and R. solanacearum cause foliar wilt symptoms on soybean (Sinclair, 1999f). Cff causes
foliar lesions, seedling disease, and seed discoloration, though infected seed may appear to be
asymptomatic (Tegli et al., 2002).
Culture based methods are commonly used to assay for fungal and bacterial seedborne
pathogens. Fungi are often detected by placing surface disinfested seed on plain or amended
71

potato dextrose agar (PDA), other agar media, or by performing a blotter test (Ashton, 2007).
Blotter tests involve placing surface disinfested seeds on moistened blotter paper. In both the
plating assay and blotter test, seed are examined after an incubation period and any fungi
observed are identified and recorded. Bacteria may also be enumerated by the agar plate or
blotter methods,. Additionally, seed washes may be used, in which seed are soaked in a solution
followed by plating of the soaking solution. Challenges of using these methods are that some
microorganisms may not grow well on a particular media, may be inhibited by faster growing
microbes, or some microbes may produce compounds that are inhibitory to other
microorganisms (Cubeta et al., 1985). This is particularly problematic when assaying for
multiple microorganisms, or when the microorganism of interest is slow growing and faster
growing microorganisms are present. Additionally, it is known that many microbes are nonculturable and in some microbial ecologies, only about 1%-5% of microbial communities are
enumerated with laboratory cultural methods (Amann et al., 1995; Riesenfeld et al., 2004).
Culture independent methods can be useful to assay microbial communities, including
that of seedborne microbes, and include molecular methods such as polymerase chain reaction
(PCR) assays using specific primers, restriction length fragment polymorphisms (RFLPs),
microarrays, next generation sequencing, and others (Stobbe et al., 2013). Molecular
identification may be performed directly from seed or seed washes, followed by molecular
identification methods, using the wash solution to detect organisms in small seed lots (Leite et
al., 1995). Aside from seed washes, many molecular seedborne pathogen identification
extraction protocols use small numbers of seed, especially for seed larger in size like soybeans,
which can limit the amount of seed that can be practically assayed. Specific primers for many
seedborne pathogens have been published for both fungi and bacteria and are useful for assaying
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specific pathogens (Munkvold, 2009) when interested in a particular or group of
microorganisms. The ability to assay several microorganisms at one time could be of value to
screen for seedborne microbes.
Next generation sequencing technology provides tools to examine microbial communities
to a great level of detail and magnitude, and has provided a new insight into microbial
communities (Lindahl et al., 2013). Microbial community sequencing has revealed information
about microbes not detected with culture based methods in a variety of natural systems,
including the phyllosphere. For example, forest soil bacterial communities (Lambais et al.,
2014; Urbanova et al., 2015), soil fungi and bacteria communities of a spruce plantation (Uroz et
al., 2013), the endophyte community of rice roots (Sessitsch et al., 2012), fungal diveristy of
Camellia japonica leaves (Hirose et al., 2013), and fungal endophyte community of forage grass
(Herrera et al., 2010; Porras-Alfaro et al., 2008) have been studied. Plant pathogen related
microbial community analysis studies have included assaying soil fungal communities to
determine effects of rotation cropping on Aspergillus flavus in peanut production (Sudini et al.,
2011), microbe community differences between potato common scab-suppressive and nonsuppressive soils (Rosenzweig et al., 2012), and bacterial communities of spinach seed,
cotyledons, and leaves (Lopez-Velasco et al., 2013). Amplicon specific high throughput
sequencing methods and analysis can be useful when examining a specific group of organisms in
an environment (Blaalid et al., 2013; Heisel et al., 2013; Herrera et al., 2010; Lopez-Velasco et
al., 2013; Lührig, et al., 2015; Tonge et al., 2014).
A challenge to using next generation sequencing is processing the large amount of
sequence data generated. One method to accommodate large sequencing data is EDNA eProbe
analysis, in which specific probes are designed for a pathogen of interest and used to search the
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unprocessed sequence data (Stobbe et al., 2013). While this method is rapid and useful for
diagnostic applications of microbes suspected to be present, it is limited by the selection of
EDNA eProbes and could not include microbes not suspected to be present. An application that
allows detection of as many microorganisms as possible, including those not deliberately
screened for, could be a more informative tool for pathogen screening purposes. Alternatively,
large community sequence dataset processing can be performed by clustering, or other sequence
grouping, of amplicon sequences and performing searches in sequence databases for closest
similarity matches with the resulting sequences (Blaalid et al., 2013; Heisel et al., 2015; Tonge et
al., 2014).
The soybean industry and other stakeholders interested in seed pathology could benefit
from exploration of soybean seed microbe communities to discern if they are more diverse than
what is observed with plating assays alone, as this is not known. With amplicon based
community analysis using high throughput sequencing, an opportunity for seed pathogen
screening in a culture independent manner is presented. The microbial community of soybeans
has not been previously characterized using next generation sequencing techniques. The author
hypothesized that DNA sequence analysis of a soybean seed microbe community will reveal a
more extensive community than a culture based assay. The objective of this study was to
determine if amplicon sequence community analysis using next generation sequencing
characterized more fungi and bacteria than culture dependent methods.
Materials and Methods.
Seed lot creation. Seed were produced at the University of Arkansas Vegetable Research
Station in Kibler, AR under standard management practices, with exception of a harvest delay 2
weeks beyond harvest maturity, in 2010 as part of the experiment described in Chapter 2 of this
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dissertation (Figure 3.1). The seed lot used in this experiment was selected with the assistance of
a statistician, Dr. Edward Gbur (Department of Agricultural Statistics, University of Arkansas,
Fayetteville, AR), to ensure it was a representative seed lot of the experiment. Seed were
grouped in a range of pathogen incidence and a lot was selected from the group based on the
seedborne pathogen variety as detected by plating assays. The seed lot met the requirement to
have some presence of fungi and bacteria, though not with a high pathogen infection level. Seed
appeared to be healthy with no visible mycelia on the seed coat surface. The seed used was the
soybean line PI 80837.
Seed plating assay. After harvest and post-harvest cleaning of field debris, 100 seed in total
were subjected to plating assays to detect fungal organisms on potato dextrose agar (PDA)
(Difco, Becton, Dickinson and Company, Sparks, MD) amended with the miticide fenpropathrin
((0.5 μl a.i.) (Danitol 2.4 EC, Valent USA Corp, Walnut Creek, CA)), streptomycin sulfate (0.75
g/L), and lactic acid to pH 4.8. Fifty seed were surface disinfested with 70% EtOH for 2.5 m and
blotted dry on sterile paper towels. Seed were aseptically placed on five amended PDA 10 cm
plates, and after 10 d incubation at room temperature, organisms were observed and recorded.
Representative fungal isolates were transferred to establish pure cultures, and to create a single
spore isolate, when appropriate. Representative isolates were stored using two methods, cryomedia, and on unamended PDA slants in sterile 8 ml glass vials with screw-cap lids at room
temperature (approximately 23.3 °C). To create PDA slant vials, glass vials were autoclaved
twice, 24 h apart with lids loosely on and filled approximately two-thirds full with unamended
PDA. Fungal colonies were transferred aseptically into the PDA slant vials, grown for
approximately 10 days in the vials, then filled with sterile mineral oil, sealed, and stored at room
temperature. Cyro-media vials were freezer safe plastic 1.8 ml cryo-storage tubes filled with
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approximately 1 ml of cryo-media (150 ml 10% dry skim milk, 150 ml 40% glycerol solution,
combined after autoclaving). Cryo-media stored isolates were first grown on unamended PDA,
and small pieces (approximately 3 mm x 3 mm) were placed in the vials filled with sterile
cryomedia, shaken, and capped aseptically. Cryo-media vials were kept at -20˚C during storage.
Each fungal isolate was given a unique isolate designation and number based on identification
using morphological keys. Confirmation of identification of representative isolates was
performed using molecular methods. DNA extraction was performed using the PureGene
Extraction Protocol (Gentra Systems, Inc, Minneapolis, MN, USA). PCR reagent master mix
was as follows per 100 μl reaction: 68 μl DEPC water, 10 ml 5x polymerase buffer with loading
dye, 8.0μl MgCl, 3.2 μl dNTP’s, 2.0 μl (10 µM) primers, and 0.8 μl of 5 U/ μl Taq polymerase
(Promega Corporation, Madison, WI, USA). The forward and reverse primers ITS1 and ITS4
were used to amplify DNA of fungal samples using the thermocycler program: 94˚C for 2 m for
1 cycle, followed by 94˚C for 30 s, 56˚C for 30 s, and 72˚C for 60 s for 35 cycles, followed by
72˚C for 5 m for 1 cycle, and held at 10˚C until removed to -20˚C storage until further use
(White et al., 1990) (Figure 3.2, Table 3.1). To assay bacterial populations, fifty additional seeds
were surface disinfested and placed on five nutrient agar (Difco, Bection, Dickinson and
Company, Sparks, MD) plates, with ten seed per plate and incubated at room temperature. After
7 d, plates were checked, colonies recorded and representative colonies were transferred to a
secondary nutrient agar plate using a streaking method to obtain single cell bacterial cultures.
These representative single cell derived cultures were stored in cryo-media for later molecular
identification as needed. Several loops full of bacteria were collected and placed in the cryomedia using aseptic technique. Cyro-tubes were then capped, vortexed to evenly distribute the
bacterial cells in the media, and placed in isolate boxes and frozen at -20˚C (Figure 3.3, Table
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3.1). To perform PCR amplification of bacterial isolates, 68 μl DEPC water, 10 μl 10x Taq
polymerase buffer, 8.0μl MgCl, 3.2 μl dNTP’s, 2.0 μl (10 μM) primers, and 0.8 μl of 5 U/ μl Taq
DNA polymerase using (Promega, Madison, WI)). The 799f (aac (a/c)gg att aga tac cc(g/t)) and
1525R (aag gag gtg wtc car cc) primers were used to amplify 16S DNA of bacterial isolates
(Chelius and Triplett, 2001; Lane et al., 1991). The 799f/1525R primer thermocycler program
used was as follows: 95˚C for 3 m, followed by 35 cycles of 94˚C for 30 s, 53˚C for 1 m, 72˚C
for 1 m, and a final extension at 72˚C for 7 m (Chelius and Triplett, 2001). Confirmation of PCR
amplification was performed by gel electrophoresis on a 1.2% agarose gel combined with
10,000x concentrated gelRed (Promega Corporation, Madison, WI, USA) according to
manufacturer instructions. For each sample, a 10 µl aliquot of the PCR product was combined
with bromophenol blue loading dye as needed, per mixing instructions (Promega Corporation,
Madison, WI). The first lane of each gel was loaded with 100 bp ladder (Promega Corporation,
Madison, WI). The agarose gels were run using 0.5x TBE buffer for 30 m at 140 volts. The
remainder of the PCR products were purified using the QuickClean 5M PCR Purification Kit
(GenScript USA, Inc.) and sequenced at the UAMS Sequencing Center (University of Arkansas
Medical School, Little Rock, AR, USA). NCBI GenBank Blast nucleotide database (Altschul et
al., 1997) searches were performed to confirm identity of isolates. After plating assays were
completed, a randomly selected subsample of the seed lot was stored at -80°C until the
community analysis sequencing was performed.
454 Sequencing preparation. Fifty seed were randomly selected from the seed lot subsample.
Seed were surface disinfested by soaking in 70% EtOH for 2.5 m and blotted dry with sterile
paper towels. The seed sample was then placed in a coffee grinder that had been cleaned with
0.2% sodium dodecyl sulfate (SDS) prior to use (Custom Grind Coffee Grinder, Hamilton Beach
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Brands, Inc) and ground until a uniform texture was achieved with pieces no larger than
approximately 1.5 mm present. Seed material was then placed in a 15 ml sterile centrifuge tube
(VWR International, Radnor, PA). The PureGene extraction protocol was used with
modification of additional heat of 76°C for 3 m in the initial cell lysis step and an increase in
reagent volumes to accommodate the larger sample size. The larger volume was reduced in the
isopropanol and ethanol washing steps during the extraction method and extra extraction solution
was stored at -20°C. PCR using the previously described reagents and master mix preparation
(Promega Corporation, Madison, WI, USA), thermocycler programs, and check gels were
performed. The fungal primers ITS1 and ITS4 (White et al., 1990), and bacterial 16S primers
799f, 1525r (Chelius and Triplett, 2001; Lane, 1991) were used (Figure 3.2, Figure 3.3, Table
3.1). Four 100 µl PCR reactions for fungi and four reactions for bacteria using the respective
primers were performed, with an additional negative control for each primer set (Figure 3.4,
Figure 3.5). PCR products were prepared for sequencing using the QuickClean 5M PCR
Purification Kit (GenScript USA, Inc.) and NanoDrop to quantify the product prior to
sequencing. PCR products were bulked and submitted to the Recombinant DNA/Protein Core
Facility (Oklahoma State University, Stillwater, OK) for next generation sequencing using the
454 GS Junior platform (Roche Diagnostics Corporation, Branford, CT, US). At the sequencing
facility, samples were screened for quality and emulsion reactions performed. Samples were
tagged to differentiate fungal and bacterial samples during sequencing, as one sequencing plate
was used for both the fungi and bacteria amplicon samples. Amplicon sequence and quality data
files were returned from the Core Facility for analysis.
454 sequence processing and analysis. In Analysis Method 1, the 454 generated
pyrosequences were clustered, a process similar to assembly, with CAP 3 (Huang and Madan,
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1999) using the input .fasta and .qual files and default CAP 3 parameters to trim ends of adaptors
and primers, and reduce the amplicon sequence data set size by creating clustered consensus
sequences, “contigs”, of similar amplicon sequences (Figure 3.6a). “Singlets” were senquences
that remained after CAP 3 analysis. A custom sequence local database of common soybean
pathogens was created using sequences from the “Organism Name Search” parameters for the
ITS, 5.8S and 16S sequences from the GenBank database (version 2.2.25) (Table 3.2). This
custom database was used to match CAP3 clustered sequences and singlets, and database
matches were recorded in an output file. Remaining sequences that did not match entries in the
local database were subjected to Blast analysis (version 2.2.25), with the top ten highest
similarity matches recorded in an output file and manually reviewed for the best match. All
matches had a minimum parameter of 97% identity match.
Secondary amplicon sequence analysis, Analysis Method 2, used an updated version of
VirFind (http://virfind.org, (Ho and Tzanetakis, 2014)), a pathogen detection and discovery
pipeline, to verify the results of Analysis Method 1 (Figure 3.7a). The updated pipeline used the
UNITE fungal database (version Dec 3, 2014 public release date), followed by the GenBank
nucleotide database (nt database, version 2.2.28+, downloaded on Jan 05, 2015) (Figure 3.7).
Within the data processing pipeline, the amplicon sequence .sff format file was converted to fasta
format, 30 nt were trimmed from the ends of the sequences to remove any sequencing adapters
and primers, and the reads were subsequently assembled using Newbler (Data Analysis version
2.8, Roche Diagnostics, Branford, CT, USA) using default parameters. Resulting query reads
consisting of clustered contig and singlet sequences were subjected to the the curated UNITE
fungal database (Koljalg et al., 2005; 2013) and an output file of match hits was created using the
the best match species hypothesis database entry. Remaining sequences were then Blastn
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searched against the GenBank nucleotide database to generate another output file that contained
hits to additional fungal, 16S bacterial, or plant materials. Bacterial 16S matches were filtered
out to another output file. Any duplication match by a query sequence to a unique UNITE or
GenBank accession counted as one match. Output files were filtered using match parameters of
more than 350 bp and 97% match in the UNITE and 350 bp-740 bp GenBank 16S outputs.
Microsoft Excel pivot tables were created using sequences fitting match parameters to visualize
the data output files for comparison between the analyses. To validate any microorganisms that
occurred in Analysis Method 1 but were not observed in Analysis Method 2 matches using the
stated match parameters, searches of the output files were performed including entries with any
match parameters. Any additional matches were noted with an asterisk symbol indicating they
were present, but at differing standards than were set as parameter values for Analysis Method 2.
In both analysis methods plant DNA matches, such as Glycine max, were removed from the final
data presentation. To further analyze matches that were taxonomically broad, the non-specific
matches such as “Ascomycete” were selected and those with unique accessions and 100%
coverage of the ITS fragment exported to a secondary file. Reverse sequences were transposed
using BioEdit to be of the correct direction for alignment. Sequences of known hits were
downloaded from the UNITE database for comparison. Sequences were aligned using Clustal in
the Mega6 software suite and a maximum likelihood tree constructed using 500 replications and
standard parameters as described in the Mega6 manual (Nei and Kumar, 2000; Tamura et al.,
2013). Additionally, all “Ascomycete” matches that matched the same accession number from
UNITE were run in BlastN to further examine the dataset. Generic bacteria contig matches were
further analyzed using sequences of 400 bp or greater, and known sequences obtained from
GenBank. As sequences and GenBank matches did not cover the entire 16S region, so the
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portion of the region that was well represented as visualized in BioEdit was used. After
alignment with Clustal though Mega6, bacterial sequences were trimmed to a common section
for tree building. A maximul likelihood tree was constructed using 500 replications and standard
parameters using Jukes-Cantor method and 500 replications using Mega6 (Jukes and Cantor,
1969; Tamura et al., 2013).
PCR confirmation of microorganism DNA. The presence of DNA from selected
microorganisms that were identified by amplicon sequencing methods was confirmed by
performing PCR with specific primers and the original extraction solution. Specific primers
were selected on the basis of the genera identified through sequencing and included some species
specific primers of those genera known to occur on soybean seed, or as the genus and species
match in the database outputs. Primers were obtained from literature, personal communication,
or GenBank database sequences, and thermocycler programs were used as per citations (Table
3.4). PCR reactions were performed using reagents as previously described, with four
replications and a negative control for each primer set used.
Results
Seed plating assay. Three fungi, P. longicolla (10% seed infection), F. equiseti (19%), C.
truncatum (1%), and two bacteria, B. subtilis (4%), and B. cereus (51%) were enumerated from
this seed lot using the plating assay (Table 3.3). Plates were not overgrown at the time of assay
completion.
PCR amplification of 454 sequencing template. The PCR amplification of the fungal ITS 1
and ITS 4 primers resulted in a product that was approximately 550-600 bp (Figure 3.4). The
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PCR amplification of bacterial samples using primers 799f and 1525r resulted in a product of
approximately 730 bp (Figure 3.5).
Next generation sequencing. The 454 GS Junior sequencing generated 172, 554 sequence
reads. When using Analysis Method 1, after amplicon sequence assembly with CAP 3, there
were 565 clustered sequence contigs and 1,959 singlets that were unique sequences (Figure
3.6b). The 2,524 total unique sequence queries subjected to the constructed custom library
database and 1,266 had matches. The remaining 128 contigs and 1,130 singlets that were
subjected to GenBank Blastn searches yielded matches among fungi, bacteria, and plant DNA.
Analysis Method 1 showed greater detection diversity than plating assays, with 22 fungi and 6
bacteria of 15 and 5 genera, respectively, enumerated including one bacteria that is not culturable
(Candidatus Liberibacter sp.) (Table 3.3). Several other fungi and bacteria listed as uncultured
or unidentified in the GenBank database were detected with 454 sequencing.
Analysis Method 2 showed there were 33,899 unique sequences, made up of 597
clustered sequence contigs and 33,302 singlets (Figure 3.7). There were 8,467 species
hypothesis matches using unique queries in the UNITE database, and the remaining 25,432
sequences that were submitted to GenBank resulted in 12,616 matches to 16S region database
sequences in GenBank and 12,465 other matches to bacteria and fungi, and plant entries (Figure
3.7b). Analysis Method 2 yielded matches to 14 genera of fungi and 13 bacterial genera that met
the match parameters, when considering synonyms as a single genera count (Table 3.3).
Matches to five higher taxonomic levels than genus, and uncultured or unidentified microbes
were also found (Table 3.3).
Both analysis methods of the amplicon sequence data produced more identifying matches
than microorganisms observed using the plating assay (Table 3.3). Analysis Method 1 and
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Analysis Method 2 results were comparable with several genera or closely related
microorganism groups occurring in both methods. However, species level identification did
differ between the outputs, and some genera occurred in only one analysis output. The closely
related Phomopsis and Diaporthe, or higher orders of their taxonomy, were present in both
analysis methods (Table 3.3). Fusarium spp. were present in both analyses including F.
equiseti, F. graminearum, and F. oxysporum. This was also the case for Cercospora spp.,
Alternaria spp., and Cladosporium spp. There were matches for uncultured fungi and uncultured
Ascomycetes in both analyses. Among bacterial organisms there were similarities at the genus
level of identification, though some genera were only present in one analysis and species identity
was often not available or differed between the two analyses (Table 3.3). Bacillus sp.,
Pseudomonas sp., Candidatus Liberibacter sp., Xanthamonas sp., and uncultured bacteria were
present in both analyses. Of the matches that appeared in Analysis Method 2, but were not in
Analysis Method 1, and Derxomyces sp. and Hannaella sp. were the most commonly reported
unique groups in Analysis Method 2 (Table 3.3).
The phylogenetic tree contructed with sequences of fungi revealed the consensus
“Ascomycete” sequence was placed in the same clade as the Fusarium spp. (Figure 3.8). Other
sequences from the UNITE output were placed in the tree with the appropriate downloaded
sequences, with short branch lengths. The further analysis of the “Ascomycete” sequences in
GenBank revealed 73% of those assigned as “Ascomycete” in UNITE were matched to
Fusarium spp., made up by Fusarium equiseti (37%), Fusarium sp. (60%), F. sacchari ( 1.6 %),
F. moniliforme, and F. chlamydosporum (as syn. Gibberella fujikuroi) (both <1.0%) (Table 3.3).
Hits of other fungi included Penicillium expansum, Hypocreales sp., each of which had 5 or less
hits, accounting for <0.004% of the generic sequence subset. There was still as portion of the
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sequences that were matched to generic hits such as “Fungi”, “Ascomycete” or “endophyte”,
though these accounted for 25% of the remaining subset sequences.
In the phylogenetic analysis of the generic matched bacteria, 93% of the sequences were
reveled to be highly related to E. coli, with short phylogenetic tree branch length distances of
0.001 or 0.000 (Figure 3.9). Remaining generic matches of bacteria sequences were more
closely related to Psuedomonas syringae.
Confirmation of organism DNA. Successful PCR amplification of selected organisms using
specific primers and aliquots of the original extraction solution was achieved (Table 3.4).
Selected organisms that were successfully confirmed were: A. niger, P. longicolla, Cercospora
kikuchii, F. equiseti, Colletotrichum gloeosporioides, M. phaseolina, Phoma sojicola,
Pseudomonas syringae pv. glycinea, P. syringae pv. tabaci, and Curtobacterium flaccumfaciens
pv. flaccumfaciens (syn. Pseudomonas flaccumfaciens). The presence of Xanthamonas
campestris pv. glycines was not confirmed using these primers.
Discussion
The hypothesis of this work was supported as the next generation sequencing approach
revealed more microbes were present than were observed using the culture based method, which
were measured by sequence database matches of microbe DNA and a plating assay, respectively.
Though many of the microbes identified using the sequencing technique could have theoretically
been identified by plating, as they were culturable, these microbes did not occur in the plating
assay. It is possible they were out competed on the plate by other microbes if growing from the
same seed for example, or may have not been viable. Microbe matches were somewhat similar
at the genus level of identification for many of the microbes identified between the two separate
analyses methods, with 68% of genera in Analysis Method 1 were represented in Analysis
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Method 2, and 86% with more generic taxonomic identifiers included. However, there were
matches detected in one analysis method and not the other. Some of these were partly due to
differences in taxonomic identification of microbes in the databases. For example, exact listings
of Diaporthe and Phomopsis related matches differed between the two data analysis methods,
including the level of taxonomy, and it is reasonable to conclude these matches were all likely
members of the Phomopsis/Diaporthe complex. Phyllostica and Phoma were observed in
Analysis Method 1, and Phoma sp. was observed in Analysis Method 2. While this difference
could have been due to differences in the sequence data processing protocols, it should be noted
that previous reports have found species of Phoma and Phyllosticta from soybean to be closely
related or the same species (Irinyi et al., 2009; Kovics et al., 2014). The genera Derxomyces,
Bullera, and Hannaella which had the highest number of matches that were unique to Analysis
Method 2, are highly related, and all previously considered to be members of Bullera (Liu et al.,
2012; Wang and Bai, 2008). Other matches that were reported in only one analysis in low
amounts may be genuinely rare microbes, an artifact of the sequencing or the database used, and
it could be beneficial to perform PCR using specific primers and the original DNA extraction
solution for further confirmation (Lindahl et al., 2013). Some differences observed among
microbe sequence matches, particularly at the level of species identification, were expected
between the two analyses methods as sequence clustering steps and database searches were
performed using differing technologies and resources. While the use of a curated database, such
as UNITE, is valuable in that the sequence entries are often better annotated than other less
monitored databases, any database used in studies examining plant pathogenic microbes should
consider their representation within a database (Nilsson et al., 2014). Other research reported
differences in assembly results of 454 sequence data sets when using different methods,
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including CAP 3 and Newbler, which may account for some of the match differences between
analysis methods in this work (Kumar and Blaxter, 2010).
The further analysis of the generic matches from the Analysis Method 2 showed the need
for additional analysis using databases other than UNITE, as plant pathogens are currently being
improved in this database. With further development of the UNITE fungal database, further
analysis of generic species hypothesis in the output will become less necessary. As most of the
generic hits were revealed to be members of Fusarium, this dataset contributed additional
information to the secondary analysis. In the case of the further analysis of the generic bacterial
matches from Analysis Method 2, many were very closely associated with E. coli, and are likely
this or other members of Enterobacteriaceae given the extremely short branch lengths of the tree
in this group. E. coli and other members of this family are ubiquitous in the environment, and
while they should be noted, it would be reasonable to discount them in future analysis. The
remaining sequences were associated with Psuedomonas syringae, or Massilia sp., a common
nitrifying bacteria. Further development of sequence databases with better notated entries will
assist in reducing the amount of these geneic but common sequences in the future as database
quality improves.
The amplification using microbe specific primers was successful in all but one of the
selected reference probes, which indicates that the DNA of those specific microbes were present
in the original extraction. The one probe that did not amplifiy may have not been successful due
to possibly being different isolate types among bacterial populations. This independent
confirmation of the selected microbes reinforced the findings of the analysis methods.
A challenge of this research, particularly in Analysis Method 1, was processing the large
amount of data generated from the next generation sequencing. Both analysis methods have
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benefits and limitations. In the case of Analysis Method 1, construction of a program to reduce
the size of the data set by clustering sequences, searching for sequence hits within a custom
sequence library of known seedborne pathogens of soybean, and lastly subjecting the remaining
sequences to a Blastn search required advanced computational skills, custom programming, the
availability of larger computing power than a standard desktop or laptop computer, and manual
review of the top ten listed hits in the output. Since Analysis Method 1 produced the top ten
highest similarity sequence hits from the Blastn searches, manual review of matches for
determination if other hits than the first listed were better matches was possible. This was very
informative, as all GenBank entries were not always well annotated for all hits for a given
sequence. The Analysis Method 2 resolved some of the computational challenges of analysis
that were encountered in Analysis Method 1. Analysis Method 2 used the existing updated
VirFind framework, a dedicated computing node to process the amplicon sequence data and
produce an output for analysis, and outputs produced allowed for simple quality selection and
review (Ho and Tzanetakis, 2014). Other research has also analyzed amplicon community
sequences and processed data with sequence clustering, or similar techniques, followed by
matching sequences in a database (Blaalid et al., 2013; Heisel et al. 2015; Tonge et al, 2014).
Stobbe et al. (2013, 2014) reported an alternative method to accommodate the large volume of
data generated by high throughput sequencing of plant microbe communities, which entailed a
series of DNA eProbes designed from known pathogen sequences to digitally search microbe
community sequence datasets. The method described by Stobbe et al. (2013, 2014) is ideal for
diagnostic applications, or when otherwise searching for a specific desired organism, which was
the intended function. However, the method proposed by Stobbe et al. (2013, 2014) is limited in
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that if an organism is not suspected to be present in the microbe community, a DNA eProbe
would not be designed and used.
While using amplicon sequence data is useful for examination of microbe communities
such as fungi or bacteria extracted directly from plant substrates, it should be considered that bias
in the PCR process may affect the result, as primer mismatches can create bias in the
amplification (Bellemain et al., 2010; Ihrmark et al., 2012; Lindahl et al., 2013). Additionally,
other research has indicated that the use of multiple primer sets may offer additional insights to
match identitity (Ihrmark et al., 2012; Tonge et al., 2014), and future work would likely benefit
from utilizing this to enhance sequence identity analysis. Primers should be chosen with
available reference sequences in databases in mind, which is why ITS and 16S region primers are
useful, as they are widely used in databases (Blaalid et al., 2013; Lindahl et al., 2013).
Furthermore, conclusions regarding estimates of quantification based on amplicon community
analysis should be made carefully, as previous research has indicated results may or may not be
accurate in their estimation (Amend et al., 2010; Irhmark et al., 2012). Additional replications of
sequencing and using other primer sets for more robust identification could theoretically improve
estimates of actual values of microbe sequences represented, though cost of sequencing may be a
limiting factor of this (Heisel et al., 2015). In this research, there were many sequence matches
in both analysis methods that were at taxonomically broad levels of identification, uncultured, or
unidentified fungi and bacteria, or to matches that are otherwise not well annotated. This is a
challenge of culture independent community analysis currently as this is dependent on the
composition of the databases at the time of the version used, and will likely improve as databases
expand in quality and diversity (Lindahl et al., 2013).
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This newly developed pipeline to identify specific pathogens from seed used in Analyses
Method 1 is different from established work in that a specific database of common soybean seed
pathogens was created and used to match clustered sequences and singlets prior to being
subjected to the GenBank database. This could be useful in future projects with goals to perform
sequence analysis of soybean seed associated microbes. This is also the first utilization of the
updated VirFind pipeline to perform analysis of fungal and bacterial amplicon sequences. To the
author’s knowledge, this is the first work to assay the fungal and bacterial communities of
soybean seed in a culture independent manner using next generation sequencing. Previous
culture independent plant associated community analysis research used next generation
sequencing or other culture independent methods, and has largely focused on other microbiomes
such as rhizospheres, and root tissues for example (Bomberg et al., 2003; Gottel et al., 2011;
Rosenzweig et al., 2012; Schmalenberger and Tebbe, 2003; Sessitsch et al., 2012; Sudini et al.,
2011). Previous work on seed microbe communities included other seed crops than soybean
such as forage crops, sugar beet, and barley, and utilized other independent community analysis
methods than next generation sequencing (Dent et al., 2004; Ikeda et al., 2006; Normander and
Prosser, 2000). Ikeda et al (2006) reported that ribosomal intergenic spacer analysis (RISA)
analysis followed by amplicon clone sequencing resulted in successful analysis and identification
of fungal and bacterial communities of forage grass seed at the genus level of identification.
Both Normander and Prosser (2000) and Dent et al. (2004) utilized denaturing gradient gel
electgrophoresis (DGGE) analysis and obtained inconclusive results due to the visual quality of
the DGGE images or co-amplification of sequences that were not of interest, such as plant cell
organelles. Since this study was began, Lopez-Velasco et al. (2013) performed culture
independent analysis of spinach leaves, seedling cotyledons, and seed using 16S amplicon
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sequences and 454 pyrosequencing to assay the bacterial community present. Lopez- Velasco et
al. (2013) found that the majority (85%) of bacterial sequences in their dataset from seed could
only be classified as “Bacteria”, and the remaining sequences were matched to similar sequences
in the database at the family or genus taxonomic levels using the Ribosomal Database Project
Classifier tool. Additionally, Montalvo et al. (2014) reported analysis of microbial communities
of aquatic sponges using culture methods and related these to next generation sequencing
techniques. Culture based analysis with a wide variety of cultural media revealed over 400
species of bacteria which were largely dominated by Proteobacteria and Actinomycetes. Using a
pyrosequencing approach, Montalvo et al. (2014) detected Chloroflexi, Acidobacteria, and
Acidimicrobidae which were not well represented in the culture-based approach. Only one
operational taxonomic unit (OTU), or grouping, was also found in the culture approach, which
indicated that sponge microbe communities were more complex than a single approach
indicated, as seed microbe communities were found to be in this research.
The 454 Jr GS pyrosequencing technology used in this research was able to produce a
high volume of sequence reads averaging 400-500 bp in length in a single run, and provided
greater depth than other DNA sequencing technologies available at the time of the experimental
procedure (Rosenzweig et al., 2012; Rothberg and Leamon, 2008). However, as Roche will no
longer offer 454 pyrosequencing services in the future, other next generation sequencing
technologies appropriate for amplicon community analysis could be used in future research
(Lindahl et al., 2013).
The amplicon sequencing approach in this research showed more microbes were detected
than in the culture based assay. This method holds promise to be a screening method for
seedborne pathogens of soybean with the continued improvement of next generation microbe
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community analysis technologies. As high throughput sequencing and microorganism
community analysis research continues the understanding of the microbial community and
database annotation, in addition to sequence technologies, will likely continue to improve and
sequencing costs will likely continue to decline. The amplicon sequencing approach to culture
independent analysis of seedborne microbes described in this work offers flexibility in primer
selection, sequencing platform choice, and the two sequence analyses methods offer different
methods appropriate for differing bioinformatics processing resources. In summary, culture
independent analysis of seedborne microbes has potential to provide a greater insight into the
microbial communities associated with soybean seed.
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Seed grown in field

Culture based seed assay

Seed DNA extraction,
amplification and purification

454 GS Junior Sequencing

Sequence data analysis

PCR confirmation of selected
microorganisms

• 2010 season
• Seed cleaned of field debris
• Seed stored in climate controlled, dehumidified
environment while testing

• Seed plated using amended PDA and nutrient agar,
microorganisms recorded
• After testing, seed were stored at -80°C until
culture independent analysis

• DNA extracted with modified PureGene protocol
• PCR performed with selected primers
• PCR products were cleaned and quanitified

• Amplicon samples were prepared for sequencing at
the Oklahoma State University Recombinant
DNA/Protein Core Facility and sequences were
generated using pyrosequencing

• Analysis Method 1
• Analysis Method 2

• Specific primers were used to perform PCR using
the same DNA extraction solution used for the 454
sequencing

Figure 3.1: Summarized experimental process of soybean seedborne culture based and microbial
community analysis.
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Primer ITS1
18S rDNA

ITS1
region

5.8S
rDNA

ITS2
region

28S rDNA
Primer ITS 4

Figure 3.2: Fungal 18S, ITS1, 5.8S, ITS2, and 28S gene diagram including the PCR amplified
region, PCR amplicon length was approximately 550-600 bp (White et al., 1990).

799f primer

1525r primer
16S rDNA

Figure 3.3: Bacterial 16S rDNA PCR amplicon diagram. Amplicon length was approximately
730 bp (Chelius and Triplett, 2001; Lane, 1991).
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Table 3.1: Primer selection for fungal and bacterial DNA amplification.
Region
Primer
Primer Sequence
Reference
Name
ITS Region, 5.8S
ITS1
TCCGTAGGTGAACCTGCGG
White et al., 1990
ITS Region, 5.8S

ITS4

TCCTCCGCTTATTGATATGC

White et al., 1990

16S

799f

AACACGGATTAGATACCCGTG Chelius and Triplett,
2001

16S

1525r

AAGGAGGTGATTCCAAGCC

Lane, 1991
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L1 L2 L3 L4 L5 L6

500 bp

Figure 3.4: Confirmation gel of PCR amplification of fungal rDNA using primers ITS1, ITS4 for
454 GS Junior pyrosequencing. Lanes are as follows: L1, 100 bp ladder; L2, negative control;
L3-L5 tubes 1-4 PCR products which were approximately 600 bp in size.

L1

L2

L3

L4

L5

L6

500 bp

Figure 3.5: Confirmation gel of PCR amplification using bacterial rDNA using primers 799f and
1525r for 454 GS Junior pyrosequencing. Lanes are as follows: L1, 100 bp ladder, L2-5 tubes 14 PCR product, L6 negative control. PCR products were approximately 730 bp in size.
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Table 3.2: List of fungi and bacteria used to create the known organism local custom database
library for next generation sequencing data processing performed in Analysis Method 1z.
Sequences of ITS and 5.8S regions of fungi, and 16S of bacteria were used.
Fungi
Representative GenBank Accession
Phomopsis longicolla
AB247167.1
Diaporthe phaseolorum var. caulivora
HM625753.1
D. phaseolorum var. meridionalis
JF430485.1
Cercospora kikuchii
HM631725.1
Cercospora sojina
JX143666.1
Fusarium equiseti
JX896997.1
Fusarium oxysporum
AF322075.1
Alternaria sp. (including A. alternata)
AB255275.1 (AB369904.1)
Colletotrichum truncatum
HQ896482.1
Colletotrichum gloeosporioides
FR717702.1
Colletotrichum sp.
DQ780412.1
Macrophomina phaseolina
JX868629.1
Sclerotinia sclerotiorum
AB269903.1
Curvularia lunata
HQ130484.1
Phyllosticta sp.
AB119120.1
Cladosporium sp.
AY853193.1
Chaetomium sp.
HQ832964.1
Nigrospora sp.
HQ891662.1
Rhizoctonia solani
U19951.1
Aspergillus niger
AB573886.1
Aspergillus flavus
AF176658.1
Septoria glycines
DQ019392.1
Bacteria
Bacillus sp.
Pseudomonas syringae pv. syringae
P. solanacearum (syn. Ralstonia solanacearum)

AB286070.1
NC007005.1
AJ277767.1

Xanthamonas axonopodis

NC003919.1

Curtobacterium flaccumfaciens pv. flaccumfaciens
AJ312209.1
=Analysis Method 1 was performed by trimming sequences of tags and primers, assembling
with CAP 3, a local database library of sequences of common soybean microbes was searched
using the amplicon sequences and matches recorded. Remaining sequences were subjected to a
BlastN search of the GenBank database and the top ten matches were recorded and manally
reviewed.
z
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A
High throughput 454 GS
Junior Pyrosequencing

Clustering of DNA
sequences with CAP3 to
consolidate sequences

Submit all sequences to the
Custom libarary of common
soybean pathogen sequences
for analysis

Remaining unmatched
sequences submitted to
GenBank, version 2.2.25

B

• Yielded 172,554 reads
• Average read length 400-500 bp

• 565 clustered contigs
• 1,959 singlets
• =2524 unique sequence reads

• Of the 2,524 sequences run, 1,266 were
matched in the custom sequence library
database

• 128 contigs and 1,130 singletons remaining
subjected to Blastn yielded fungi, bacteria,
plant and uncultured microbe matches

Figure 3.6: A) Outline of methods of Analysis Method 1. B) Results of soybean seedborne
microorganism community PCR amplicon analysis by 454 GS Junior pyrosequencing and
sequence data analysis using Analysis Method 1.
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A
High throughput 454 GS
Junior Pyrosequence data Sff
file input

B

• 172,554 raw reads
• Average read length 400-500 bp

Converted to fasta file

Timmed both ends by 30nt

de novo assembly using
Newbler

• 597 clustered contigs
• 33,302 singlets
• = 33,899 total sequences to submit to databases

Submitted by Blastn to
UNITE, version
public_30.12.2014

• FunFind tabular output, 8,467 species
hypothesis hits
• FunFind fna file

Remaining sequences
submitted by Blastn to
GenBank nt, version 2.2.28+

Remaining sequences with no
matches separated

• NT tabular output, 25,081 match hits
• NT fna file
• 16S match hits sent to additional file, 12,616
hits
• 351 unmatched sequences remained

Figure 3.7: A) Outline of Analysis Method 2. B) Results of soybean seedborne microflora
community PCR amplicon analysis by 454 GS Junior pyrosequencing and sequence data
analysis using Analysis Method 2 using the updated VirFind pipeline (Ho and Tzanetakis,
2014). FunFind match parameters were ≥350 bp and ≥97% match. Bacterial match
parameters were 350-740 bp and ≥97% match in the 16S output, derived from the NT output.
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Table 3.3: Seedborne microorganisms characterized from soybean seed with a culture based
assay and next generation sequencing methods, the latter with two sequence analysis
methods.
Plating assay
Analysis Method 1y
method and
most similar sequence Analysis Method 2z species hypothesis
x
incidence (%)
match
(number of unique sequence hits)
Fusarium
Fusarium spp. (172)
Fusarium sp.,
equiseti (10%) F. oxysporum,
Fusarium oxysporum (6)
F. equiseti (Gibberella intricans) (65)
F. chlamydosporum,
F. graminearum (Gibberella zeae) (1)
F. equiseti,
F. chlamydosporum*
F. graminearum
F. sacchari*
(Gibberella zeae)
Fusarium sp.*
Phomopsis
Phomopsis longicolla, Phomopsis sp. (7)**
longicolla
Diaporthe
Diaportheales (1015), Diaporthe spp.(12),
(19%)
phaseolorum
Diaporthe phaseolorum (1)

Cercospora kikuchii,
C. sojina

Colletotrichum
truncatum
(1%)

Cercospora spp.(35)
C. apii (18), C. coniogrammes (2), C.
olivascens (15)

Colletotrichum sp.
C. gloeosporioides,
C. truncatum,

Glomerellaceae (1)
Colletotrichum gloeosporioides (1 )**

Alternaria sp.
A. alternata,
A. tenuissima,

Alternaria spp. (25)
A. alternata (4)

Cladosporium sp.

Cladosporium spp. (7)
C. ramotenellum (1),
C. halotolerans (5),
C. grevilleae (1)

Septoria glycines,

Septoria sp.(Septoria aegopodinia) (4)

Phoma sp.,
Phyllosticta sp.
Uncultured fungi
Uncultured
Ascomycete

Phoma pomorum (as Peyronellaea pomorum)
(1)
Fungi sp. (16)
Uncultured Ascomycete (1420)
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Rhizoctonia solani,
Aspergillus flavus
A. niger
Sphaerodes sp.,
Epicoccum sp.,
Macrophomina
phaseolina

Derxoymyces sp. (151)
Hannaella spp. (14) (Bullera spp.)
Bulleromyces albus (ana. Bullera) (2)
Gliocladiopsis elghollii (2)
Hirsutella vermicola (3)
Hypocrea novea-zelandiae (1)
Nectriaceae sp. (5)
Periconia sp. (2)
Sordariomycetes (2)
Dothideomycetes (2)
Agricales (1)

Bacillus
subtilis (4%)
B. cerus (51%)

Bacillus sp., B.
subtilis, B. cereus,

Pseudomonas sp.,
Candidatus
Liberibacter sp.,
Xanthamonas
campestris,
E. coli
Uncultured bacteria
Unidentified bacteria

Bacillus sp. (6)

Pseudomonas sp., (1) (6*)
Pseudomonas syringae*
Candidatus sp. (6)
Candidatus Liberibacter sp. (4)*
Xanthamonas sp. (4),
Escherichia spp., E. coli (540)
Additional E. coli and related species*
Uncultured bacteria, (3,960)
Unidentified bacteria (95)
Uncultured Enterobacteria (362)
Erwinia spp. (3)
Pectobacterium sp. (1)
Citrobacter sp. (3)
Burkholderia sp. (1)
Cronobacter sp. (4)
Ralstonia sp. (1)
Pantoea sp. (3)
Leifsonia sp. (1)
Endophyte (2)

x

=Culture based assay entailed aseptically placing fifty surface disinfested seed on amended
potato dextrose agar plate, ten per plate, and fifty additional seed on nutrient agar, ten seed
per plate.
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y

=Analysis Method 1: sequences were cluster assembled using CAP3. Clustered sequences
and singletons were submitted to the custom library database, and remaining sequences were
submitted to GenBank (version 2.2.25). Results include assembled sequences and singleton
matches. Match requirements were: 65 bp and ≥97% match.
z
=Analysis Method 2: using updated VirFind pipeline (Ho and Tzanetakis, 2014) which used
Newbler to assemble sequences, followed by clustered sequences and singletons subjected to
UNITE (version public 12-30-14 release date), and remaining sequences to a GenBank
Blastn (version 2.2.28+) search. Match requirements were: 350bp or greater for fungal
matches, and 350-740 for bacterial matches and ≥97% match. Values in parenthesis are
number of matches were to that microorganism. The number given following a genus were
inclusive of values following individual species.
*=matches were found using additional analysis of generic hits, such as “Fungi” or
“Ascomycete” in the UNITE database from Analysis Method 2 using Blastn (version
2.2.28+) search with hits of 97% identity match or greater for fungal sequences. Generic
bacteria hits from Analysis Method 2 were also further analyzed by Maximum Likelihood
phylogenetic analysis (Figure 3.9).
**=matches were found below the threshold set at 97% identity match, or were smaller than
350 bp in Analysis Method 2.
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Figure 3.8: Maximum likelihood phylogenetic analysis of ITS sequence regions of fungi. The
evolutionary history was inferred by using the Maximum Likelihood method based on the
General Time Reversible model. The tree with the highest log likelihood (-3078.9013) is shown.
The percentage of trees in which the associated taxa clustered together is shown next to the
branches. Initial tree(s) for the heuristic search were obtained by applying the Neighbor-Joining
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method to a matrix of pairwise distances estimated using the Maximum Composite Likelihood
(MCL) approach. The tree is drawn to scale, with branch lengths measured in the number of
substitutions per site. The analysis involved 40 nucleotide sequences. Codon positions included
were 1st+2nd+3rd+Noncoding. All positions with less than 95% site coverage were eliminated.
That is, fewer than 5% alignment gaps, missing data, and ambiguous bases were allowed at any
position. There were a total of 317 positions in the final dataset. Evolutionary analyses were
conducted in MEGA6.
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Figure 3.9: Maximum likelihood phylogenetic analysis of the 16S region of bacteria. The
evolutionary history was inferred by using the Maximum Likelihood method based on the JukesCantor model. The tree with the highest log likelihood (0.0000) is shown. Initial tree(s) for the
heuristic search were obtained by applying the Neighbor-Joining method to a matrix of pairwise
distances estimated using the Maximum Composite Likelihood (MCL) approach. The tree is
drawn to scale, with branch lengths measured in the number of substitutions per site. The
analysis involved 100 nucleotide sequences. Codon positions included were
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1st+2nd+3rd+Noncoding. All positions containing gaps and missing data were eliminated. There
were a total of 436 positions in the final dataset. Evolutionary analyses were conducted in
MEGA6.
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Table 3.4: Microorganisms selected to confirm the presence of specific microorganism DNA
in the DNA extraction solution used for high throughput sequencing using PCR and specific
primers.
Amplification using
specific primers
Organism
Literature Citation
(+/-)
Fungi
Aspergillus niger
Gonzalez-Salgado et al., 2005
+
R. Schneider, personal
Cercospora kikuchii
communication, 2013
+
Colletotrichum gloeosporioides
Talhinhas et al., 2005
+
Fusarium equiseti
Mishra et al., 2003
+
Macrophomina phaseolina
Babu et al., 2007
+
Phoma sojicola
EU543974.1
+
Phomopsis longicolla
Zhang et al., 1997
+
Bacteria
Curtobacterium flaccumfaciens pv.
flaccumfaciens
Pseudomonas syringae pv. glycinea
Pseudomonas syringae pv. tabaci

YeongHoon et al., 2013
YeongHoon et al., 2013
YeongHoon et al., 2013

+
+
+

Xanthamonas campestris pv.
glycines

YeongHoon et al., 2013

-
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IV. Effects of storage conditions and duration on seed performance and fungi
Abstract
Soybean seed are susceptible to losses of vigor due to unfavorable storage conditions.
Storage environments in commercial seed warehouses are often not climate controlled. Past
research has shown vigor tests can better estimate field emergence than laboratory germination
tests alone, and the value of different vigor tests for predicting emergence is important to the
soybean industry. Therefore, the impact of typical commercial warehouse storage on seed
performance measurements of standard germination (SG), accelerated aging (AA) and Seed
Vigor Imaging System (SVIS) vigor tests, seed field emergence, and seedborne fungi is
important to understand. The objective of this work was to determine the changes in seed quality
and performance of high and low quality soybean seed stored in a commercial warehouse and
under controlled conditions during the summer season as measured by SG, vigor, and field
emergence. An experiment was designed to determine the effect of storage environment, storage
duration, and cultivar differences on SG, AA, SVIS, field emergence, and seed-borne fungi. In
2010 and 2011, seed were placed in four different storage treatments: Control=air conditioned to
20°C and kept at 60% relative humidity (RH); Warehouse 1 (WH1)=favorable areas in the seed
warehouse, away from walls, ideally with lower temperatures; Warehouse 2 (WH2)=areas in the
seed warehouse thought to be unfavorable for seed storage by seed company employees;
Farm=tractor shed storage. Temperature and RH sensors were placed in each storage
environment and differences were observed among the storage environments. Cultivars Armor
47-G7 and Delta King 4968 were used in 2010, and Osage and UA 4910 in 2011 due to
unavailability of the previous cultivars. Seeds were sampled every two weeks thoughout the
season and promptly subjected SG, AA, SVIS, emergence, and fungal plating assays. Early in
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the season, there were not differences in emergence related to storage environment or seed vigor.
Seed vigor declined as time progressed in the storage period, with seed from the Farm storage
often having the greatest decline, and the controlled environment the least decline in vigor.
Emergence sharply declined due to high air temperatures in the field, followed by an increase in
emergence later in the season as air temperatures cooled. Later in the growing season,
differences in emergence were observed among the storage treatments, with Control and WH2
treatments having the highest emergence, followed by WH1 and Farm. Very low incidences of
fungi were isolated from seed, including at the start of the storage period. In conclusion,
maintaining low RH, or low temperature of the storage environment is important to maintain
seed vigor when seed are stored for extended periods of time, therefore RH of storage should be
monitored.
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Introduction
Seed storage conditions are known to affect seed longevity, viability, and vigor of
soybean (Glycine max (L.) Merrill) seed, which are especially sensitive to unfavorable storage
conditions (Parrish and Leopold, 1978). Dry, cold conditions are known to be favorable for seed
storage (Balesevic-Tubic et al., 2010; Mbofung et al., 2013; Vertucci and Roos, 1990).
However, these conditions may not always be available in seed warehouse facilities, where seed
are often stored at ambient temperature and humidity. Arkansas soybean farmers reported
problems with plant stand, soybean germination and emergence from the soil, in late planted
soybeans. Late planting requires storing seed into early summer when temperatures and
humidity increase compared to winter storage. It was suspected that the difficulties with
emergence were related to the extended time and storage conditions associated with late planted
beans. Increased time in storage prior to testing has been reported to be associated with
decreased emergence (Egli and TeKrony, 1996) and a reduction in vigor (Fabrizius et al., 1999;
Mbofung et al., 2013; Vieira et al., 2001). Therefore, it is important to understand the effects of
storage conditions and duration on soybean seed quality in the laboratory and emergence in the
field.
Soybean seed storage conditions are known to affect seed vigor, which is defined as
“seed properties which determine the potential for rapid uniform emergence and development of
normal seedlings under a wide range of field conditions” (Ashton et al., 2007). As seed age
increases, or seed storage conditions are unfavorable, there is a negative effect on seed vigor
(Egli et al., 1978; Parrish and Leopold, 1978), with temperature in storage having a great impact
on seed vigor (Vieira et al., 2001). Seed vigor testing is important because research has noted
that seed viability, measured by standard germination (SG) alone doesn’t predict emergence in
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the field (Egli et al., 1978; Kolasinska et al., 2000; McDonald, 1998; Torres et al., 2004; Zorilla
et al., 1994). SG testing measures the germination of a seed lot under ideal growth conditions,
while seed vigor testing measures seed performance after being subjected to a stress or rapid
growth test. Understanding the causes of seed deterioration is important in seed vigor testing
(McDonald, 1998). Seed vigor can be affected by maturity of seed at harvest time, physical
handling of seed, seed storage, and planting practices (Clark, 2002). There are many published
methods of seed vigor testing, including accelerated aging (AA) (TeKrony and Spears, 2002),
and the Seed Vigor Imaging System (SVIS) (Hoffmaster et al., 2003), though AA is the most
commonly used. The AA test mimics the effects of aging by using heat and high humidity, and
the SVIS test measures seedling growth over a 3 d period to estimate vigor.
Seed vigor is known to be linked to emergence (Hamman et al., 2002; Johnson and Wax,
1978; Koliasinska et al. 2000; TeKrony and Egli, 1991; Torres et al., 2004), which makes it an
important aspect of seed performance to understand. Soybean seed with poor vigor have
difficulties in achieving adequate field emergence (Cho and Scott, 2000). Hamman et al. (2002)
also reported that reduced soybean vigor was associated with lower field emergence and that low
vigor seed are more negatively affected by challenging planting environments than higher vigor
seed. Therefore, it is important to understand the effects of storage conditions and duration on
germination, seed vigor, and emergence.
In addition to seed vigor, the planting environment is also known to affect emergence.
Conditions in the planting environment that affect emergence include seedbed conditions,
temperatures at planting, and soil moisture (Hamman et al., 2002). Soybean seed deterioration
due to storage can be first observed as sensitivity in seed reaction to environmental stresses such
as high or low temperatures (Byrd and Delouche, 1971). Elevated soil temperatures can
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negatively affect soybean seedling hypocotyl elongation in laboratory conditions and field
emergence (Hatfield and Egli, 1974). Soybeans grown at 10°C had slowed hypocotyl elongation
compared to soybeans grown in warmer temperatures, while at 40°C, seed would not germinate
due to the high temperature (Hatfield and Egli, 1974).
Cultivars have been reported to respond differently to storage conditions and past
research has reported cultivars differed in germinability as seed aged in storage (Wein and
Kueneman, 1981). Heatherly et al. (1995) reported germination differences among cultivars of
both normal and impermeable seed coats, indicating that seed characteristics associated with
cultivar can have a role in the storability of soybean seeds. For example, differences in oil
content have been found to have an effect on seed viability in storage (Mbofung et al., 2013).
Fungal pathogens are known to negatively affect seed health and emergence (McGee et
al., 1980). These include Phomopsis longicolla (T.W. Hobbs) and P. sojae (Diaporthe
phaseolorum (Cke. & Ell.) Sacc. var. sojae (Lehman) Wehm.). These pathogens reduce seed
viability and cause seed decay, molding, and fissuring of soybean seed (Sinclair, 1999; Kmetz et
al., 1974; Kmetz et al., 1978; Kulik and Schoen, 1981; McGee et al., 1980; Mengistu and
Heatherly, 2006; Shortt et al., 1981). P. longicolla and P. sojae have been reported to negatively
affect germination, vigor, and emergence (Kulik and Schoen, 1981; McGee et al., 1980; Zorilla
et al., 1994). While previous research reports of the effect of Cercospora kikuchii (Mat. and
Tomoy) on seed health and germination are contradictory (McGee et al., 1980; Pathan et al.,
1989; Roy and Abney, 1977; Wilcox and Abney, 1973), Yeh and Sinclair (1982) reported that
the extent of negative effects of C. kikuchii on seed performance were dependent on the amount
of colonization on seed.
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Other fungi that negatively affect soybean seed include Fusarium spp., Colletotrichum
spp. Macrophomina phaseolina (Tassi) Goid., Alternaria alternata (Fr.) Keissl., and others
(Nicholson et al., 1972; Nicholson and Sinclair, 1973). Isolation of fungal seed pathogens have
also been reported to be affected by storage duration and environment. Nicholson and Sinclair
(1973) reported a greater decline in recovery of fungi from seed stored in ambient temperatures
compared to refrigerated storage.
As the literature has established, storage conditions affect seed vigor, particularly oilseed
crops like soybean. Seed vigor can affect emergence, therefore, seed storage can have an affect
on seed field emergence, which is vital to crop establishment. Past research has not adequately
included investigation of the effects of realistic commercial storage conditions on soybean, or
included records of the relative humidity of the storage conditions. Consequently, there is a need
to better understand the effects of storage duration and conditions on emergence, seedborne
fungi, and seed vigor measurements with the commonly used AA and the less widely used SVIS
technique. Furthermore, it is important to study how seed vigor measurements relate to
emergence after storage for not only late planted Arkansas soybeans, but to broaden
understanding of vigor and emergence relationships. It is hypothesized that these stand
establishment problems may be due to a loss in soybean seed vigor due to prolonged storage
under hot warehouse conditions. The objective of this research was to determine the changes in
seed quality and performance of high and low quality soybean seed stored in a commercial
warehouse and under controlled conditions during the summer season as measured by SG, vigor,
and field emergence.
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Materials & Methods
Experimental Design. Experiments were conducted over two years, in 2010 and 2011. The
experimental design was a randomized complete block and sampled with repeated measures.
Four replications, which were individual commercial bags of seed, were used for each storage
treatment.
Cultivar Selection. In 2010, seed was provided by Armor Seed Company, and the cultivars
Armor 47-G7 (Armor) and Delta King 4968 (DK) were selected based on their relatively lower
and higher vigor, respectively. In 2011 the same cultivars were not available, resulting in the use
of the University of Arkansas developed cultivars UA 4910 and Osage.
Seed Storage Conditions and Collection. Seed were stored in standard 24.95 kg (55 lb)
commercial seed bags placed on wood pallets in the storage facilities with 4 bags, or replications,
per treatment. Three commercial storage environments and a secondary site for temperature and
humidity regulated control facility were used. The storage environments were given names of
Warehouse 1 (WH1), Warehouse 2 (WH2), Farm, and Control. In the Control storage
environment, seed were stored at the Soybean Board in Little Rock, AR in an air conditioned
building with constant relative humidity (RH) of 60% and temperature at 20°C, which is in the
suggested optimal range of storage conditions for soybean. The WH1, WH2, and Farm storage
environment conditions were at the Hornbeck Seed Company in Dewitt, AR. The WH1 and
WH2 locations were selected by the seed company technicians and considered to be favorable or
unfavorable conditions, respectively, in the seed warehouse based on past assessments of
warehouse temperature. WH1 storage was where the temperature was lower in the warehouse,
closer to the floor, and away from the walls and hot metal. WH2 locations had higher
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temperatures than the WH1 areas and were higher in the warehouse and near an outside
wall. Seed in the Farm storage environment were kept in a covered tractor shed. Seed were
collected from all storage environments every two weeks from April into August (Table 3.1).
Seed were collected through holes in the side of the bags by inserting a stainless steel seed
sampling probe (Seedburo Equipment Co., Chicago, IL) to collect seed, and resealing the bag by
covering the opening with duct tape. Approximately 0.4 kg of seed, sufficient to fill a 500 ml
beaker, were sampled from each bag. Seed were placed in resealable paper bags and labelled
with numbers for identification without using the treatments as sample identification. After
collection from storage locations, seed were maintained at an optimal temperature of 18°C and
60-65% relative humidity (RH) until seed testing was completed and the emergence test was
planted.
Seed Testing and Emergence. During both years of the test, seed were tested using SG and AA,
which were performed at the Soybean Promotion Board testing facilities in Little Rock, AR. SG
testing was performed on 400 seed from each sample following procedures for soybeans as per
the Association of Official Seed Analysts (AOSA) seed testing manual protocol (Ashton et al.,
2007). Seed were placed on two sheets of germination paper wetted with distilled water, covered
with a third sheet of germination paper, rolled, loosely covered with a plastic bag, and placed in a
growth chamber using 16 h of light at 30°C and 8 h of darkness at 20°C. Eight rolls of 50 seed
each were completed for each sample. After 7 d, the number of normal, abnormal, and dead seed
were recorded. Normal seed had healthy radicle elongation and development of primary and
secondary roots with healthy cotyledons and abnormal if the root development didn’t occur or
cotyledons were diseased (Ashton et al., 2007). For the purpose of this work, percentage of
normal seedlings was analyzed. AA testing was performed by placing 42 g of seed, or 200 seed
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to avoid waste when seed was limited, in a plastic AA box (Hoffman Manufacturing, Inc,
Jefferson, OR, US) over water and held at 41°C with high humidity for 72 h (McDonald and and
Phaneendranath, 1978; TeKrony and Spears, 2002) and then subjected to the SG test procedure
as previously described, except for using 4 rolls of 50 seed for each sample. The SVIS
procedure was completed as described by Hoffmaster et al. (2003; 2005). The SVIS test used
200 seed, which were placed on germination paper that had been wetted with distilled water,
covered with a second sheet of germination paper, rolled, loosely covered with a plastic bag, and
placed in a growth chamber at 25°C with constant light for 72 h. Four rolls of 50 seed each were
completed for each sample. Seed rolls were then unrolled and scanned using a scanner
customized as per the SVIS protocol (Ohio State University, OH), and analyzed using SVIS
software. The SVIS protocol lists seed vigor groupings as the following: exceptional vigor (8001000); outstanding (600-799); good (400-599); poor (200-399); and not for seed (<200)
(Hoffmaster et al, 2005).
Seed were also subjected to plating assays to detect fungal organisms on potato dextrose
agar (PDA) (Difco, Becton, Dickinson and Company, Sparks, MD) amended with the miticide
fenpropathrin ((0.5 μl a.i.) (Danitol 2.4 EC, Valent USA Corp, Walnut Creek, CA)),
streptomycin sulfate (0.75 g/L), and lactic acid to pH 4.8. Fifty seed per sample were surface
disinfested with 70% ethanol for 2.5 min and blotted dry on sterile paper towels. Ten seed were
aseptically placed on a 10 cm petri plate containing amended PDA, using 5 plates per sample,
and incubated at room temperature, approximately 23°C, for 14 d. Fungi were observed,
recorded, and representative isolates transferred to create pure culture on PDA for later storage
using single spore isolates when appropriate. Fungal isolates were stored using two methods,
cryo-media, and on unamended PDA slants in sterile 8 ml glass vials with screw-cap lids. Glass
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vials were autoclaved twice, 24 h apart with lids loosely on. Fungal organisms stored in cryomedia were kept at -20˚C in freezer safe plastic sterile 1.8 ml cryo-storage tubes filled with
approximately 1 ml of sterile cryo-media (150 ml 10% dry skim milk, 150 ml 40% glycerol
solution, combined after autoclaving). In the PDA slant vials, fungal colonies were grown for
approximately 10 days in the vials, filled with sterile mineral oil, sealed using aseptic technique,
and stored at room temperature. Each fungal isolate was given a unique isolate designation and
number based on identification using morphological identification methods (Barnett and Hunter,
1998; Hanlin, 1998). Identification confirmation of representative isolates was performed using
molecular methods. DNA extraction was performed using the PureGene Extraction Protocol
(Gentra Systems, Inc, Minneapolis, MN, USA). PCR reagent master mix was as follows: 58 μl
DEPC water, 20 ml 5x GoTaq Flexi buffer with loading dye, 8.0μl MgCl, 3.2 μl dNTP’s, 2.0 μl
primer, and 0.8 μl of 5 U/ μl Taq polymerase using GoTaq Flexi (Promega, Madison, WI). The
forward and reverse primers ITS1 and ITS4 were used to amplify fungal samples using the
thermocycler program: 94°C for 2 min for 1 cycle, followed by 35 cycles of 94°C for 30 s, 56°C
for 30 s, and 72°C for 60 s, and a final extension of 72°C for 5 min for, and held at 10°C until
removed to -20°C storage until further use (White et al., 1990). Confirmation of PCR
amplification was performed by gel electrophoresis on a 1.2% agarose gel combined with a 1.0%
solution of 10,000x concentrated gelRed (Promega Corporation, Madison, WI, USA) using an
aliquot of the PCR products loaded into lanes of the gel with a single lane of 100 bp ladder
combined with bromophenol blue as per manufacturer instructions (Promega Corporation,
Madison, WI, USA). The agarose gels were run using 0.5x TBE buffer for 30 m at 140 volts.
The remainder of the PCR products were purified using the QuickClean 5M PCR Purification
Kit (GenScript USA, Inc.) and sequenced at the UAMS Sequencing Center (University of
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Arkansas Medical School, Little Rock, AR, USA). NCBI BLAST database (Altschul et al.,
1997) searches were performed to confirm identity of isolates.
To perform the emergence test, 200 seed from each sample were packaged for planting,
using a separate randomized complete block field plot design for each planting. Plots were
planted after each sampling date at the University of Arkansas Vegetable Research Station in
Kibler, AR (Table 3.1). Plots were planted with 200 seed each, were 2 rows wide, and 6.1m
long, with 0.9 m row spacing. Seed were planted at a depth of 2.54 cm using a cone planter.
Total emerged soybean seedling count data were collected at 14 d after planting (14 DAP) and
28 DAP, though only 14 DAP data are presented. Plots were irrigated using an overhead lateral
move irrigation system to an equivalent to 2.54 cm rainfall once weekly. Rainfall events and
temperature of the growing environment were recorded.
Statistical Analysis. Statistical analyses were completed using SAS software using the mixed
model (PROC MIX) using the Kenward-Roger method and regression (PROC REG) (SAS
Institute, Inc. Cary, North Carolina, US). Tukey's HSD procedure for mean separations was used
with critical values at the P ≤ 0.05 level. Differences with P≤ 0.05 were considered significant in
the mixed model procedure and the regression analysis. Data were analyzed by year, as different
cultivars were used in the two years of the study. Data were analyzed using the factors
environment (Environ), cultivar (Cult), sampling time (Sampling), and interactions of these
factors. Regression analyses were run using comparisons between 14 DAP emergence and seed
testing methods
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Results
Seed Testing. In 2010 SG, AA, and SVIS had significant main effects and three factor
interactions when analyzed using cultivar, sampling, and storage environment. Several two
factor interactions were also significant for this test; sampling with environment and cultivar
with sampling in the SG test, cultivar with environment and sampling with environment in the
AA test, and all 2 way interactions were significant in the SVIS test analysis (Table 4.2). DK
had statistically higher SG than Armor from the start of the experiment until the end of the
season in 2010 (Figure 4.1). While significant differences in SG were present among storage
environments throughout the experiment, there was no large decline in SG by the last sampling
in either cultivar (Figure 4.1). In the AA analysis, differences among storage environments were
significant in both cultivars at the 19 July sampling. There was no statistically significant change
in AA vigor in the Control environment from the first to last sampling, but a steady decline in
vigor in the other storage environments from 19 July until the final sampling on 16 Aug in both
cultivars. Seed in the WH1 and Farm storage declined faster than seed in the WH2 storage.
SVIS data had greater differences in vigor among storage environments over time in Armor than
in DK (Figure 4.1). In DK seed, the Control storage had no significant change in SVIS vigor
throughout samplings, while Armor seed in the Control had significant differences from the first
sampling on 26 Apr at the 19 July and 16 Aug samplings. There was no significant difference
between Control and other storage environments or among any other storage environment until
19 Jul and 2 Aug in DK and Armor, respectively. Among the storage environments, WH1 and
Farm storage declined the most over time, while WH2 was statistically similar to Control in
Armor. In DK, WH2 was statistically significantly different from Control storage SVIS vigor,
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and the WH1 and Farm storage, though WH2 had the least decline over time compared to the
Control storage.
In 2011 SG and SVIS had significant main effects and two and three way interactions
when analyzed using cultivar, sampling round, and storage environment and significant
interactions between cultivar and sampling and, cultivar with environment. (Table 4.2). AA had
significant main effects and interactions when examined using sampling time and environment.
In the SG test there were statistically significant differences among storage environments in both
cultivars at each sampling date, though the most informative differences were at the 8 Sept final
sampling where seed in the Farm environment had a 12.5% and 12.25% lower SG than the
Control in UA and Osage, respectively (Figure 4.2). Osage seed generally had slightly
numerically higher initial SG than UA 4910 (Figure 4.2). WH1 and WH2 had higher SG than
the Farm at the final 8 Sept sampling. AA vigor declined over time across cutlivars in all storage
environments (Figure 4.2). Seed from the Control environment had the least decline among the
storage environments at the 8 Sept sample compared to the 5 May sample. Seed from the WH2
storage environment did have AA means that were statistically different from the control at
multiple samplings, but the most apparent differences in AA were at the 8 Sept sampling, and at
the 25 Aug and 8 Sept samplings for WH1. While there were statistically significant differences
between seed from the Farm and other storage environments at previous samplings, the Farm
storage seed began a pronounced decline at 14 Jul and each subsequent sampling date had either
AA statistically similar values, or lower. By the end of the test at the 8 Sept sampling, AA
declined approximately 5, 15, 30, and 60% from the first sampling on 5 May for seed in the
Control, WH2, WH1, and Farm storage, respectively. In the SVIS test analysis, there were
statistically significant differences within individual storage environments among the sampling
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dates of the study. Differences in SVIS were informative beginning at 28 Jul when seed from the
Farm storage, the storage environment that showed the greatest decline over time, was initially
statisitically different from the Control in UA, and at 11 Aug in Osage, where WH2 was
statistically different from the Control (Figure 4.2). SVIS of seed from other storage
environments were not different from that of the Control at this time. By 25 Aug, seed from
Farm storage of both UA and Osage were lowest in SVIS vigor, though WH1 was still
statistically similar to Farm in the UA cultivar. At this time, the control and WH2 had the
highest vigor among the storage environments in both cultivars. At the 8 Sept sampling, Farm
storage continued to have the lowest SVIS vigor of any storage environment in both cultivars,
and had the greatest loss of vigor compared to the start of the study. In Osage, the WH2 stored
seed were statistically similar to the Control, followed by the WH1, while UA control was
followed by WH1, while WH2 was statistically similar to WH1, but not the Control.
Seed Plating Assay. P. longicollla isolation analysis showed significant main effects of cultivar
and sample time, and a signficant interaction between the cultivar and sampling time in 2010,
and only for cultivar in 2011 (Table 4.2). C. kikuchii had a sampling main effect. C. kikuchii
isolation had a significant interaction between cultivar and sampling in 2010, and in 2011
significant interactions of cultivar with environment, and sampling with environment. Recovery
of seedborne fungi was low in both years of the study, with the greatest incidence at 5.7% in the
case of P. longicolla in 2010 (Figure 4.3, Figure 4.4). In 2010, P. longicolla declined over time
in storage, and C. kikuchii declined over time in both 2010 and 2011. In 2011, the decline of C.
kikuchii isolation was not as great in the Control environment 1.25% isolation at the 8 Sept
sampling as observed in the other storage environments, which had declined to near zero by the
end of the study (Farm=0.125%; WH1=0.0%; WH2=0.125%) (Figure 4.4). Recovery of both P.
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longicolla and C. kikuchii were cultivar dependent at the start of the storage period. However, P.
longicolla and C. kikuchii isolation declined to near or less than 0.5% in both cultivars by the
final sampling, in 2010 and C. kikuchii in 2011 (Figure 4.3, Figure 4.4). Other fungi were
recovered, though less than 1.0% in both years of the study (data not shown).
Emergence. In both 2010 and 2011, there were significant cultivar and sampling main effects,
and significant interactions for the sampling by storage environment, and cultivar by sampling
(Table 4.2). Emergence was high until 19 July 2010 (Figure 4.5). At the end of the season in
2010, the 2 Aug planting time had statistically significant differences in emergence among the
storage environments, with Control and WH2 having the highest emergence, and both were
stastitcally greater than WH1 and Farm. Armor and DK had statistically significant differences
in emergence between the two cultivars throughout the season. In 2011, emergence was high
until 30 June, and decreased greatly after this date and remained low until 25 Aug for all storage
treatments (Figure 4.6). The most apparent statistically significant differences in emergence
across storage environments were observed in last two sample times. At this time in 2011,
Control had the highest emergence followed by WH1, WH2, and Farm storage. Osage and UA
4910 emergence had the greatest significant difference between the two cultivars at the start of
the season and were more similar, though statistically different at some samplings, for the
remainder of the season.
Regression analysis. Regression values comparing 14 DAP emergence and seed tests in 2010
were significant during the last two samplings, which occurred on 2 Aug and 16 Aug (Table 4.3).
Emergence increased with greater SG and SVIS at the 2 Aug sampling, and AA at the final
sampling on 16 Aug ranging from R2=0.2501 to R2=0.4160. In 2011, increased emergence was
associated with greater SG at the 13 Apr, 27 Apr, 20 Jul, and 16 Aug samplings, the AA test at
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the 2 Augand 16 Aug samplings, and the SVIS test at the 13 Apr, 11 May, and 20 Jul-16 Aug
samplings. While several of the regression values were weak at the end of the season
(R2=0.1476 to R2=0.2847), the strongest values were in 2011 and observed at the 16 Aug
sampling with the AA and SVIS tests, R2=0.5584 and R2=0.5787, respectively, while SG had a
R2=0.4093 at this time.
Storage Environment. In 2010, the Control environment temperature was approximately 20°C,
with a few deviations early in the season (Figure 4.7). By May, temperatures in all environments
except control began to climb, and remained above 25°C. WH1 storage daily average
temperatures were generally higher than Farm and lower than WH2. In 2010, the WH2 storage
environment generally had the lowest daily average RH compared to the other storage
environments. The Control environment had RH higher than the other storage environments
until May to June, at which point the Farm environment had the highest RH. In 2011, storage
temperatures for the Control environment were more consistent than the other storage
environments and approximately 5°C lower than the other environments after the first week of
June (Figure 4.8). Generally, the Farm environment had lower daily average temperatures than
WH2 or WH1, and WH2 had the highest. In 2011, the Farm storage environment had the highest
RH, remaining over 60% and up to nearly 70% for most, and nearing the end of the season,
respectively. The Control storage was over 55% until the start of May, at which point RH was
lower than 55%. The WH1 and WH2 storage environments fell between the Farm and Control
RH, with WH2 generally having lower RH, and lowest at times.
Planting Environment. Air temperatures in 2010 were generally above 25°C after 1 May, and
neared 30°C from June until the start of July, followed by a period of increased temperatures in
the middle of July (Figure 4.9). In 2011, temperatures were above the local Kibler, AR average
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for much of the summer. Temperatures were over 25°C by 1 May (May average is 21°C), and
near or over 30°C from approximately 15 June until the end of July (June average is 25.5 °C,
July 27.8°C). Through August temperatures did cool compared the the previous month, with
only brief periods at or over 30°C. Rainfall events did occur and were noted in both years of the
study.
Discussion
The hypothesis of this work was supported in that seed quality, vigor in particular, and
emergence did generally decline significantly over time, and seed stored with both high
temperature and high RH had greater reductions in vigor and emergence than seed from
controlled storage or with relatively high temperature and low RH. However, the hypothesis was
not as well supported in the case of seed quality when measured by the SG test, as fewer changes
among the seed lots stored in varying conditions were observed over time relative to vigor.
Crops vary in their ability to maintain viability and vigor over storage conditions and duration.
Soybeans are especially susceptible to deterioration during storage and are known to decline
more rapidly in storage than other grain crops, partly due to their high oil content (Andric et al.,
2007; Burris, 1980; Fabrizius et al., 1999; Mbofung et al., 2013; TeKrony et al., 1993). This is
also true for some other oilseed crops, such as sunflowers (Andric et al., 2007), meaning the
information provided by this study is not only relevant to soybeans, but may apply to other
oilseed crops. By gaining a better understanding of realistic industry warehouse storage effects
on seed performance, scientists can provide seed industry workers and other stakeholders
information about storage conditions for maintaining seed vigor of soybeans.
While temperature had a role in the effects of seed storage on emergence and vigor, RH
of the storage environment appeared to contributed to changes in seed emergence and vigor. In
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both years all seed began the study at vigor suitable for use as planting seed, as measured by AA
and SVIS. However, seed that was stored in the Control at approximately 20°C and 60% RH
had the best maintained vigor. Seed stored at higher temperatures, but lower RHs than the
Control, as in WH2, had seed quality comparable to the Control. Seed stored in conditions with
a temperature that was high relative to the controlled storage, and RH remained at approximately
60% (WH1), there was a loss of vigor over time. The most dramatic loss of vigor was observed
on seed stored in the Farm treatment where temperature was high and RH rose to approximately
70%. By the end of the study in 2010, vigor of seed stored in the Control, which was optimal for
soybean storage, and WH2 storage environments were still high (above 60%) or “outstanding”
vigor as measured by AA and SVIS, respectively. In 2011, only the seed stored in the Control
had greater than 60% AA, though WH2 was still above 50%. No seed were considered
“exceptional” by SVIS at the end of the study, although all seed except those that had been
stored in the Farm environment were considered “outstanding” and still suitable for use as seed.
The selection of the WH1 and WH2 locations by the warehouse seed technicians was based only
on temperature, which did not appear to predict loss of seed vigor in this study. Given what is
known from previous work, it is logical to conclude that in this work the temperature and RH
appear to be crucial in maintaining seed vigor in seed warehouses, and the role of RH in storage
environment may be overlooked by seed technicians.
Past research on the effects of storage conditions on soybean seed viability, vigor and
emergence have not used storage conditions that reflect actual seed storage used in the soybean
seed industry, or in other cases measured the temperature of the storage environment, but did not
consistently monitor the RH of the storage environment used. Previous research generally found
that loss of vigor increased with temperature. For example, seed storage in continuously
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controlled environments that followed past average daily recorded temperatures of Leitchfield,
KY from 1 Nov to 1 Aug (Egli et al., 1978), maintained temperature at 4°C with 80-85% RH,
and undescribed conventional storage (Balesevic-Tubic et al., 2010), and a warehouse with
unquantified RH (Vieira et al., 2001) have been used in previous studies. Egli et al. (1978)
found that with increased time and temperature in storage, reductions in SG and vigor occurred.
Both Vieira et al. (2001) and Balesevic-Tubic et al. (2010) reported that higher temperature
storage environments, RH unknown, resulted in reduced seed viability and vigor after storage
when compared to climate controlled storage. Other research by Heatherly et al. (1995) included
exposing seed to a variety of storage environments, including 10°C, open shed, 21-27°C indoor,
and freezer, all with unmonitored RH, and found that warmer storage temperatures resulted in
reduced seed germination. Together with past research, the data of this study suggest that it is
important for future studies to regularly monitor not only temperature as past studies have, but
RH of the storage environments. RH is important because both temperature and RH of a storage
environment affect soybean seed moisture (Sadaka and Bautista, 2015). High seed moisture is
known to have a negative affect seed viability in soybeans (Ellis et al., 1991) and broad beans
(Roberts, 1972). Suggested moisture content of soybeans for short term storage in warm
temperatures is 11% (Sadaka and Bautista, 2015). In the storage environments of this study,
seed moisture was approximated to 8.3-9.2% in WH2, 10.7% in Control, 10.2-10.6% in WH1,
and 11.6-13.1% in Farm storage using tables that relate soybean seed moisture to temperature
and relative humidity (Sadaka and Bautista, 2015). The higher seed moisture of seed stored in
the Farm environment likely contributed to the greater loss of vigor in this study.
While SG revealed only small changes over the course of the storage period, AA and
SVIS revealed more differences among seed stored in the various enivonrments over time, which
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indicates vigor tests were more sensitive than SG in measuring changes to seed during storage.
In this study, seed quality measures were related to emergence, and relationships between seed
test results and emergence were most evident at the end of the study in both years, as most
significant regression values occurred in the last sampling of both years. In 2010, all three seed
tests were similar in their ability to predict emergence. Each seed test was significant in one out
of nine samplings, with SG having the highest R2. In 2011, SVIS was most often the most
highly correlated with emergence at five out of ten samplings, though SG was significant in four
of the ten samplings. AA was the least often predictive, with only two of the ten samplings
being significant. The seed vigor tests, AA and SVIS, had a postitive relationship with
emergence when differences in vigor and emergence among storage treatments occurred later in
the season. In past research, reduced seed vigor has been associated with lower field emergence,
and SG alone did not adequately predict emergence when evaluated using seed of a variety seed
quality and vigor levels (Egli et al., 1978; Hamman et al., 2002; Torres et al., 2004; Vieira et al.,
200l; Zorilla et al., 1994). Previous research has evaluated which seed vigor test can best predict
emergence. Less is known about the relationship between vigor of stored seed and emergence,
or storage of late planted soybeans. Additionally, no studies have examined the SVIS testing
method to measure vigor of seed after storage and relate it to field emergence. While AA testing
is primarily used as the industry standard vigor test, the SVIS system offers an option to measure
seed vigor that performed similarly to AA in estimating vigor of seed in previous research
(Hoffmaster et al., 2003) and estimating field emergence in this study. SVIS is faster to perform
than AA, measures seed vigor using computer analysis of scanned images, and is less sensitive to
minor changes in the method than AA, which is very sensitive to length of time and temperature
in the moisture incubator (Hoffmaster et al., 2003). From the findings of this work regarding
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vigor changes during storage, and what is known from previous research about the relationship
between vigor and field emergence (Hamman et al., 2002; Koliasinska et al. 2000; TeKrony and
Egli, 1977; Torres et al., 2004), changes in soybean seed vigor due to storage conditions, and the
relationship between vigor measurements and emergence are important to further understand.
Measuring seed vigor after storage and prior to planting is important to best evaluate seed
quality.
In this study, the planting environment had a large influence on emergence. The sharp
mid-season decline in emergence for all seed storage treatments in 2011 was not observed in the
seed vigor tests, indicating that a loss of vigor was not responsible for the decline in emergence.
Regardless of seed vigor, emergence declined when air temperatures of the planting environment
were above 30-35°C and remained so for extended periods. Therefore, some stand failures in
late planted soybeans may be due to high temperatures in the planting environment, and not poor
seed vigor from extended time in storage. While the upper extreme high temperatures observed
in 2011 are not typical for the Kibler, AR area where the emergence test was performed, average
daily temperatures of 30°C or greater are not atypical in late planted soybeans planted in
Arkansas during June or July. In the past five years during June and July at Keiser, AR, there
were 86 days with average daily temperatures over 30°C, 56 days at Stuttgart, AR and 19 at
Rowher, AR which are located in soybean growing areas in northeastern, middle, and southern
Arkansas, respectively (National Weather Service, www.noaa.gov). Future studies could include
a climate controlled emergence experiment in addition to field emergence trials to more easily
observe the effects of storage on emergence without the effects of changes in field planting
environment. This study showed that loss of vigor due to storage may not always be the sole
reason for reduced emergence in late planted soybeans.

134

Research has reported that high temperatures have a negative effect on germination by
reducing hypocotyl elongation, which results in reduced normal germination and emergence
(Hatfield and Egli, 1974). Previous research has indicated that soybean plant growth was not
inhibited at approximately 30°C, but rather at 35-40°C, provided no other challenges to
emergence were present. The emergence test of this study was conducted using stored seed and
the conditions of the planting environment were likely different between the two studies, and
may account for the decline in emergence at a different temperature in this than in the previous
study. Being mindful of temperature forecasts when considering planting dates in conjunction
with using the highest vigor seed possible could assist producers in achieving the best possible
field emergence when planning to grow late planted soybeans.
In this study, the cultivars performed more similarly to each other when compared to the
storage treatments in field emergence. Differences observed in emergence were likely largely
due to vigor changes from the storage environment. More visible differences in emergence
between cultivars within each year may have been observed if the planting environment had been
less hot in the middle portion of the growing season, as emergence was very low for all seed lots
regardless of cultivar or storage during this time, particularly in 2011. In 2010, cultivars were
selected to differ in seed quality. This difference in quality was reflected in emergence in the
first part of the season. Declines in seed vigor began at the same time for both cultivars, and
were generally greater in AA and SVIS for the higher quality cultivar, DK, than the lower quality
cultivar, Armor. This might explain the higher emergence of Armor than DK at times later in the
season. In 2011, there were only slight differences in SG and SVIS between the cultivars. Both
cultivars declined in vigor similarly throughout the season, although Osage had slightly higher
emergence at the end of the season than UA 4910. The difference in emergence at the end of the
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study may reflect cultivar differences rather than seed quality, which this study did not measure.
There may be genetic differences among cultivars that affect storability of soybean seed, such as
seed coat characteristics, membrane structure, or other qualities (Caviness and Simpson, 1974;
De Sousa and Marcos-Filho, 2001; Heatherly et al., 1995; Potts et al., 1978; Wein and
Kueneman, 1981).
Although seed infection levels were very low in this study, the decline in incidence of
seedborne fungi was similar to findings reported by Sangakkara (1988) and Nicholson et al.
(1973). The observed decline in incidence of fungi incidence was greater for the non-climate
controlled storage environments than controlled storage conditions in this study and other
studies. The exact mechanism for this decline in recovery is not known.
This research has been the first to measure the effects of storage on soybean seed vigor
and emergence using commercial warehouse storage, and showed that the prolonged storage of
seed used in late plantings may result in a loss of vigor that could affect emergence. Though
statistics were not performed relating storage conditions to seed vigor, the loss of vigor appeared
to be due to both high temperature and high RH of the storage environment. Elevated storage
temperatures alone appeared to have a negative impact on seed vigor, even when RH was similar
to that of the Control. However, if RH is lowered further and temperatures remained warmer, as
in the case of WH2, seed performance did not greatly decline. This work also provided the first
data regarding use of the SVIS system to measure declines in vigor due to storage duration and
conditions, and the relationship between SVIS and post storage emergence.
In conclusion, vigor and field emergence of late planted soybeans were affected by
storage duration, and likely the storage conditions, while emergence was affected by the planting
environment. In light of what is known about effects of the storage environment on oil seed
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crops such as soybean, it is important to monitor not only temperature but RH as well when
making assessments about suitability of storage conditions in seed warehouses. Given what is
known about the relationship between storage conditions and seed performance, reducing the RH
of a storage environment is one option to maintain seed quality in storage when storage is
extended into the warmer period of late spring and early summer. The role of planting
environment on seed emergence in this study indicated that not all stand failures are necessarily
related to poor seed vigor, and soybean growers should be aware of this when planning late
planting dates. Despite the inconsistent regression relationships throughout the season, vigor
tests revealed changes in seed during storage more so than SG during the later part of the study.
Under consideration of the planting environment stress in this study, and the effect the
concurrent near zero emergence had on regression analysis in addition to what is known from
past research, seed vigor should be measured before planting.
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Table 4.1: Stored soybean seed sampling and planting dates in 2010 and 2011.
Sampling
Planting
2010
14-Apr
26-Apr
27-Apr
12-May
13-May
24-May
26-May
7-Jun
8-Jun
21-Jun
23-Jun
6-Jul
8-Jul
19-Jul
22-Jul
3-Aug
3-Aug
17-Aug
2011
13-Apr
5-May
27-Apr
19-May
11-May
2-Jun
25-May
15-Jun
8-Jun
1-Jul
21-Jun
14-Jul
6-Jul
28-Jul
20-Jul
11-Aug
2-Aug
25-Aug
16-Aug
8-Sep
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Table 4.2: ANOVA P-values from the storage environment and emergence test for seed quality
tests, emergence, P. longicolla, and C. kikuchii seed infection incidence in 2010 and 2011,
calculated using the mixed model procedure and Tukey’s test.
SG

AA

SVIS

Emergence
14 DAP

0.0275

<.0001

<.0001

nsz

ns

ns

<.0001
<.0001
ns
<.0001
0.007
0.0252
ns

<.0001
<.0001
0.0133
ns
<.0001
0.0021
ns

<.0001
<.0001
0.0012
0.0005
<.0001
<.0001
0.0185

0.0004
<.0001
NS
<.0001
0.0366
ns
ns

0.0011
<.0001
NS
<.0001
ns
ns
0.0073

ns
<.0001
0.0381
0.0006
ns
ns
ns

2011
Environ
<.0001
<.0001
<.0001
Cult
<.0001
0.0007
<.0001
Sampling
<.0001
<.0001
<.0001
Cult*Environ
<.0001
ns
0.0190
Cult*Samp
<.0001
ns
0.0372
Samp*Environ
<.0001
<.0001
<.0001
Cult*Samp*Environ <.0001
ns
0.0065
Rep
ns
ns
ns
z
= Values denoted by ns were greater than P≤0.05.

ns
<.0001
<.0001
ns
<.0001
<.0001
0.001

ns
0.0394
ns
ns
ns
ns
ns
ns

ns
<.0001
<.0001
ns
<.0001
0.0065
ns
ns

Source
2010
Environment
(Environ)
Cultivar (Cult)
Sampling (Samp)
Cult*Environ
Cult*Samp
Samp*Environ
Cult*Samp*Environ
Rep

P.
longicolla

C.
kikuchii
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SG (%)
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95
90
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80
75
70
65
60
55
50

A

HSD=3.6
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20
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HSD=85.8
400
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5-Jul
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Armor Control

WH2
Armor Bad

WH1
Armor Good

Armor Farm

DK Control

DK
WH2
Dk Bad

DK Farm

DK Good
WH1

Figure 4.1: Seed testing measures of 2010, examined by the cultivar, storage environment, and
sampling time interaction, a) percent normal SG, b) percent normal germination of AA, and c)
SVIS vigor indices, seed vigor groupings are as follows: exceptional vigor (800-1000);
outstanding (600-799); good (400-599); poor (200-399); and not for seed (<200) (Hoffmaster et
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al, 2005). Means separations were calculated using Tukey’s test at P≤0.05. Armor 47-G7 is listed
as “Armor”, Delta King 4968 referred to as “DK”. Storage environments were as follows:
WH1=favorable areas in the seed warehouse, away from walls, ideally with lower temperatures;
Control=air conditioned to 20°C and kept at 60% relative humidity. WH2=areas in the seed
warehouse thought to be unfavorable locations; Farm=tractor shed storage. Storage area
favorability assessment was provided by seed technicians at the warehouse facilities based on
temperature information.

145

95
90
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75
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60
A
HSD=3.2

55

AA (%)
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10
0

B
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Osage Bad
WH2

Osage Control

Osage Farm

Osage Good
WH1

UA 4910 Bad
WH2

UA 4910 Control

UA 4910 Farm

UA 4910 Good
WH1

Figure 4.2: Seed testing measures of 2011 examined by cultivar, storage environment, and
sampling factor interaction a) percent normal SG, examined by the cultivar, storage environment,
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and sampling interaction, b) percent normal germination of AA, examined by storage
environment and sampling interaction, and c) SVIS vigor indices, seed vigor groupings are as
follows: exceptional vigor (800-1000); outstanding (600-799); good (400-599); poor (200-399);
and not for seed (<200) (Hoffmaster et al, 2005), examined by the cultivar, storage environment,
and sampling interaction. Mean separations were calculated using Tukey’s test at P≤0.05.
Storage environments were as follows: WH1=favorable areas in the seed warehouse, away from
walls, ideally with lower temperatures; Control=air conditioned to 20°C and kept at 60% relative
humidity. WH2=areas in the seed warehouse thought to be unfavorable locations; Farm=tractor
shed storage. Storage area favorability assessment was provided by seed technicians at the
warehouse facilities based on temperature information.

147

6

P. longicolla incidence (%)

5
4

3
2
1
0

A
HSD=0.47

Armor

DK

C. kikuchii incidence (%)

3
2.5
2
1.5
1
0.5

B
HSD=0.28

0
26-Apr

10-May 24-May

7-Jun

21-Jun

Armor

5-Jul

19-Jul

2-Aug

16-Aug

DK

Figure 4.3: Incidence of a) Phomopsis longicolla and b) Cercospora kikuchii seed infection in
2010. Mean separations were calculated using Tukey’s test at P≤0.05. Armor 47-G7 is listed as
“Armor”, Delta King 4968 referred to as “DK”.
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Figure 4.4: Incidence of Cercospora kikuchii seed infection in 2011 examined by a) cultivar by
sampling interaction, and b) storage environment by sampling interaction. Mean separations
were calculated using Tukey’s test at P≤0.05. Storage environments were as follows:
WH1=favorable areas in the seed warehouse, away from walls, ideally with lower temperatures;
Control=air conditioned to 20°C and kept at 60% relative humidity. WH2=areas in the seed
warehouse thought to be unfavorable locations; Farm=tractor shed storage. Storage area
favorability assessment was provided by seed technicians at the warehouse facilities based on
temperature information.
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Figure 4.5: Average emergence 14 DAP in 2010, examined by a) planting by cultivar interaction,
and b) storage environment by planting interaction. Mean separations were calculated using
Tukey’s test at P≤0.05. Armor 47-G7 is listed as “Armor”, Delta King 4968 referred to as “DK”.
Storage environments were as follows: WH1=favorable areas in the seed warehouse, away from
walls, ideally with lower temperatures; Control=air conditioned to 20°C and kept at 60% relative
humidity. WH2=areas in the seed warehouse thought to be unfavorable locations; Farm=tractor
shed storage. Storage area favorability assessment was provided by seed technicians at the
warehouse facilities based on temperature information.
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Figure 4.6: Average emergence 14 DAP in 2011, examined by a) planting by cultivar interaction,
and b) storage environment by planting time interaction. Mean separations were calculated using
Tukey’s test at P≤0.05. Storage environments were as follows: WH1=favorable areas in the seed
warehouse, away from walls, ideally with lower temperatures; Control=air conditioned to 20°C
and kept at 60% relative humidity. WH2=areas in the seed warehouse thought to be unfavorable
locations; Farm=tractor shed storage. Storage area favorability assessment was provided by seed
technicians at the warehouse facilities based on temperature information.

151

Table 4.3: Regression analysis significant R2 for soybean seed tests and 14 DAP
emergence after storage.z
Sampling Date
2010
14 Apr
27 Apr
13 May
22 Jul
3 Aug
SG
ns
ns
ns
0.4160
ns
AA
ns
ns
ns
ns
0.3587
SVIS
ns
ns
ns
0.2501
ns
2011
SG

13 Apr
0.4198

27 Apr
0.2545

11 May
ns

20 Jul
0.2847

2 Aug
ns

16 Aug
0.4093

AA

ns

ns

ns

ns

0.1860

0.5584

SVIS
0.2374
ns
0.1588
0.2470
0.1478
0.5787
=Regression R2 were considered significant at P≤0.05, and values listed as “ns” were not
significant.
z
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Figure 4.7: Storage environment data of the 2010 season. Storage temperature (°C) of a) Armor,
b) DK, and percent relative humidity (RH) of c) Armor 47-G7 (Armor) and d) Delta King 4968
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(DK). Storage environments were as follows: WH1=favorable areas in the seed warehouse,
away from walls, ideally with lower temperatures; Control=air conditioned to 20°C and kept at
60% relative humidity. WH2=areas in the seed warehouse thought to be unfavorable locations;
Farm=tractor shed storage. Storage area favorability assessment was provided by seed
technicians at the warehouse facilities based on temperature information.

154

Temperature (°C)

40 A) Osage
30
20
10
0

Temperature (°C)

40

B) UA 4910

30
20
10
0
80

C) Osage

RH (%)

70
60
50
40
30
80

D) UA 491 0

RH (%)

70
60
50
40
30

Control

WH2
Bad

Farm

WH1
Good

Figure 4.8: Storage environment data of the 2011 season. Storage temperature (°C) of a) Osage,
b) UA 4910, and percent relative humidity (RH) of c) Osage and d) UA 4910. Storage
environments were as follows: WH1=favorable areas in the seed warehouse, away from walls,
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ideally with lower temperatures; Control=air conditioned to 20°C and kept at 60% relative
humidity. WH2=areas in the seed warehouse thought to be unfavorable locations; Farm=tractor
shed storage. Storage area favorability assessment was provided by seed technicians at the
warehouse facilities based on temperature information.
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Figure 4.9: Kibler, AR planting environment data, daily average temperature and precipitation
for A) 2010 and B) 2011. Arrows mark planting dates of the emergence test.
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V. Conclusion
Soybean seed quality is important to soybean growers to obtain the best prices for
harvested seed and to the seed industry to produce healthy seed for planting the following
season. This study found that one of the best ways to achieve both high quality and low seed
infection in the case of delayed harvests is to use cultivars that are resistant to seedborne
pathogens, such as Osage. Additionally, it was determined that pathogens other than Phomopsis
longicolla, such as Fusarium equiseti and Bacillus subtilis are also important to the quality of
soybean seed lots in Arkansas. Future work with soybean seedborne pathogens should include
assessment of these pathogens and others that may be found to be influential on seed quality in
the future.
Seedborne pathogens are known to be associated with poor seed quality. Currently, a
commonly used seedborne pathogen assays are culture based. As we know from analysis of
other microbial communities, not all microbes are easily cultured. In this research, more
soybean seedborne pathogens were detected using a sequence based approach than a culture
based technique. As the cost of sequencing continues to decline, sequencing technology and
databases continue to improve, high throughput sequencing techniques to detect microbes in
seedlots has potential to be a tool in plant associated microbial analysis.
Soybean producers and other industry stakeholders are also interested in appropriate seed
storage to maintain high seed quality prior to planting. Additionally, soybean growers in
Arkansas have experienced challenges in establishing adequate seedling emergence in late
planted soybeans, which are in storage for an extended time. This research showed that seed
exposed to both temperature and relative humidity (RH) over time in storage did not maintain
seed performance over time. However, seed vigor can be maintained when stored under
158

relatively high temperatures if RH is reduced. This suggests that reduction of RH in storage is
very important in maintaining seed performance. While extended time in storage does cause
some changes in seed vigor, another cause of emergence failure in late planted soybeans is high
temperatures in the planting environment. Soybean producers should consider this when
planning planting dates for the season. Future studies could benefit from including emergence
studies in both controlled conditions and the field to more easily observe the effects of storage in
the absence of the effect of the planting environment.
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Appendix:

Table A.1: Effects of year, cultivar, and foliar fungicide application on normal seedlings (%)
of standard germination (SG) and accelerated aging (AA) of seed grown in Kibler, AR in
Chapter 2.
Cultivar
SG (%)
AA (%)
Treated
Untreated
Treated
Untreated
2008
AG 4403
70.6 hiz
72.4 ij
60.0 opqr
53.3 mnop
AP 350
79.3 jklmo
75.1 ijk
23.0 defg
31.9 fghi
MO/PSD-0259
86.1 mopq
81.2 klmop
74.5 stuv
72.3 st
klmn
Osage
84.8 mopq
80.4 jklmop
55.8 nopq
51.0 o
PI 80837
85.6 mopq
85.3 mopq
54.1 mnop
42.2 ijklm
Suweon97
80.4 jklmop 77.9 ijklm
40.9 ijkl
34.1 ghi
UA 4805
87.1 opq
88.4 pq
68.9 rs
65.4 pqrs
2009
AG 4403
79.1 jklmo
81.5 klmop
85.7 vw
75.6 stuvw
AP 350
42.3 ef
56.4 g
47.7 jklmn
39.1 hijk
MO/PSD-0259
54.7 g
37.8 def
39.0 hijk
17.6 bcde
Osage
87.0 opq
92.2 q
81.8 tuvw
84.2 tuvw
PI 80837
16.2 b
30.1 cd
14.3 bcd
14.9 bcd
Suweon97
17.9 b
6.0 a
8.6 abc
1.8 a
UA 4805
75.7 ijkl
86.0 mopq
84.7 uvw
87.6 w
2010
AG 4403
74.7 ijk
62.9 gh
41.8 ijkl
37.9 hij
AP 350
57.0 g
42.3 ef
20.8 cdef
19.4 cde
MO/PSD-0259
88.7 pq
84.1 lmopq
72.9 stu
66.5 qrs
Osage
81.2 klmop
87.1 opq
49.0 jklmno
67.1 qrs
PI80837
45.5 f
43.2 f
27.7 efgh
6.3 ab
Suweon97
34.6 cde
27.9 c
12.0 abcd
6.6 ab
UA 4805
58.6 g
44.8 f
22.0 defg
21.3 def
z
= Means across year, cultivar, and fungicide treatment followed by the same letters are not
significantly different, calculated using Tukey’s test HSD values at P≤0.05.
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Table A.2: Effects of year, cultivar selection, and foliar fungicide application on Seed Vigor
Imaging System (SVIS) indices and electrical conductivity (EC) of soybean seed grown in
Kibler, AR in Chapter 2.
SVIS
EC (μS)
Cultivar
Treated
Untreated
Treated
Untreated
2008
AG 4403
AP 350
MO/PSD-0259
Osage
PI 80837
Suweon97
UA 4805

883.5
721.1
949.3
952.8
922.7
801.1
930.5

oyz
lm
pq
q
opq
n
opq

887.9
665.6
947.9
950.0
883.6
792.9
933.4

o
kl
pq
pq
o
n
opq

No data
No data
No data
No data
No data
No data
No data

No data
No data
No data
No data
No data
No data
No data

2009
AG 4403
893.8 op
893.5 op
805.6 abc
855.0 abc
AP 350
685.1 kl
633.8 jk
1460.4 ef
1296.5 def
MO/PSD-0259
642.8 jk
558.6 hi
1327.7 def 1584.4 fg
Osage
925.0 opq
941.7 opq
728.4 ab
745.5 ab
PI 80837
482.1 ef
502.8 fgh
2047.1 hi
2221.9 i
Suweon97
320.9 c
165.3 a
2061.4 hi
3443.4 k
UA 4805
910.0 opq
947.0 pq
783.7 abc
740.6 ab
2010
AG 4403
499.7 fg
495.5 fg
945.3 bc
1066.4 cd
AP 350
382.7 de
345.6 cd
1298.4 def 1380.9 ef
MO/PSD-0259
755.4 mn
544.4 ghi
634.4 a
638.6 a
Osage
633.6 jk
588.2 ij
892.4 abc
721.9 ab
PI 80837
537.7 fghi
431.3 e
1453.4 ef
2066.6 hi
Suweon97
238.5 b
171.7 a
1817.3 gh
2875.2 j
UA 4805
435.3 e
443.8 ef
1416.8 ef
1249.9 de
y
= SVIS indices are categorized as: exceptional vigor=800-1000; outstanding vigor=600-799;
good vigor=400-599; poor vigor=200-399; not for seed=<200 (Hoffmaster et al., 2005).
z
= Means across year, cultivar, and fungicide followed by the same letters are not
significantly different, calculated using Tukey’s test HSD values at P≤0.05.
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Table A.3: Effect of year and cultivar selection on the incidence of seed borne
organisms isolated from soybean seed grown in Kibler, AR in Chapter 2.
2008
2009
2010
P. longicolla
AG 4403
0.6 ayz
22.7 h
4.6 c
AP 350
3.4 bc
30.3 i
14.4 e
MO/PSD-0259
0.8 a
19.3 g
3.4 bc
Osage
0.2 a
17.2 fg
3.4 bc
PI 80837
0.8 a
44.8 k
7.6 d
Suweon97
2 ab
37.8 j
19.2 g
UA 4805
0.6 a
32.2 i
9.8 d
C. kikuchii
4.8 bc
4.6 bc
3.2 abc
AG 4403
18.0 f
8.8 d
1.2 abc
AP 350
11.2
18.0
1.8 abc
MO/PSD-0259
e
f
1.6 abc
1.2 abc
0.6 a
Osage
1.4 abc
1.0 ab
1.0 ab
PI 80837
3.8 abc
5.0 cd
2.6 abc
Suweon97
3.0 abc
2.5 abc
4.8 bc
UA 4805
F. equiseti
0.7 ab
2.5 b
1.4 ab
AG 4403
1 ab
7.8 d
10.7 ef
AP 350
2.2
8.8
0.3 ab
MO/PSD-0259
ab
de
0.8 ab
2.3 ab
Osage
0 a
1
11.0
4.2
PI 80837
ab
ef
c
1.2 ab
12.2 f
10.3 ef
Suweon97
0.6 ab
1.3 ab
3.1 c
UA 4805
B. subtilis
6.6 abc
0.9 a
7.4 ab
AG 4403
10.6 c
5.4 ab
15.4 bc
AP 350
6.0
8.7
2.0 a
MO/PSD-0259
ab
ab
7.4 bc
0.8 a
3.8 a
Osage
8.4 bc
5.5 ab
14.4 bc
PI 80837
7.6 bc
9.8 b
35.8 d
Suweon97
2.8 a
4.3 ab
19.6 c
UA 4805
y
= Incidence calculated from isolation of organisms from 50 seed.
z
= Means across year and cultivar within a pathogen followed by the same letters are
not significantly different, calculated using Tukey’s test HSD values at P≤0.05.
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Table A.4: Effect cultivar and foliar fungicide application on the
incidence of Phomopsis longicolla and Cercospora kikuchii isolated
from soybean seed grown in Kibler, AR in Chapter 2.
Treated
Untreated
P. longicolla
AG 4403
10.0 dez
8.6 bcd
AP 350
16.6 h
15.4 gh
MO/PSD-0259
8.9 cd
6.7 ab
Osage
7.9 abc
6.0 a
PI 80837
22.2 i
13.3 f
Suweon97
13.6 fg
25.7 j
UA 4805
16.5 h
11.8 ef
C. kikuchii
AG 4403
2.9 abc
5.4 cde
AP 350
11.1 f
7.6 e
MO/PSD-0259
7.4 de
13.3 f
Osage
0.8 a
1.5 ab
PI 80837
1.2 ab
1.0 a
Suweon97
4.0 abcd
3.6 abc
UA 4805
2.4 ab
4.5 bcde
z
= Means followed by the same letters are not significantly different,
calculated using Tukey’s test HSD values at P≤0.05.

Table A.5: Effect of year and foliar fungicide application on the incidence of
Phomopsis longicolla isolated from soybean seed grown in Kibler, AR in Chapter
2.
2008
2009
2010
Treated
1.0 az
33.3 c
6.7 ab
Untreated
1.4 a
25.0 bc
11.1 abc
z
= Means followed by the same letters are not significantly different, calculated
using Tukey’s test HSD values at P≤0.05.
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Table A.6: CAP 3 program parameters used in Analysis Method 1 in
Chapter 4
Option
Value
band expansion size
20
base quality cutoff for differences
20
base quality cutoff for clipping
12
max qscore sum at differences
200
clearance between no. of diff
30
max gap length in any overlap
20
gap penalty factor
6
max overhang percent length
20
segment pair score cutoff
40
chain score cutoff
80
end clipping flag
1
match score factor
2
mismatch score factor
-5
overlap length cutoff
40
overlap percent identity cutoff
90
reverse orientation value
1
overlap similarity score cutoff
900
max number of word matches
300
min number of constraints for correction
3
min number of constraints for linking
2
file name for clipping information
none
prefix string for output file names
cap
clipping range
100
min no. of good reads at clip pos
3
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